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ABSTRACT 



In the first part of this four-part paper, the framework of a unified deterministic 
theory of fields and particles is presented. The model is based on a single set of field 
equations, Einstein's vacuum equations for a higher-dimensional metric space. The 
extra space is not compactified, for example by assuming a spherical topology with 
very high extra-space curvature, the metric being represented as a perturbation 
superimposed on a flat-space background metric. It is proposed that the equa- 
tions contain nonlinear soliton-type solutions, termed metrons, which are strongly 
localized in physical space, while carrying far fields which are independent of or 
periodic with respect to extra space and time. The solutions are generated through 
the mutual interaction between an inhomogeneous mean field (e.g. a gravitational 
or electromagnetic field), which acts as a wave guide, and a wave field, which is 
periodic in extra (harmonic) space and is trapped in the wave guide. The mode- 
trapping mechanism is demonstrated for a simplified Lagrangian which reproduces 
the basic nonlinear properties of the gravitational Lagrangian while suppressing its 
tensor complexities. The more difficult task of computing metron solutions for the 
higher-dimensional gravitational system is not attempted in this paper. 

The model is strictly symmetrical with respect to time reversal. Thus Bell's 
basic theorem on the non-existence of deterministic hidden-variable theories, which 
is based on the existence of an arrow of time, is not applicable. Time-reversal 
symmetry, Bell's theorem and the metron interpretation of the EPR experiment are 
discussed in more detail in Part ||. 

Since the Einstein vacuum equations contain no physical constants, all parti- 
cle properties (mass, charge, spin etc.) and physical constants (the gravitational 
constant, Planck's constant, the electroweak and strong coupling coefficients, the 
parmeters of the Standard Model, etc.) are inferred from the properties of the 
metron solutions. The paradoxes of wave-particle duality are explained by the dual 
nature of the metron solutions. The localized, strongly nonlinear core regions of 
the solutions embody the corpuscular properties, while the metron far fields, in- 
cluding a periodic standing-wave de Broglie field, are responsible for the wave-like 
interference phenomena. The existence of discrete atomic spectra is explained by 
resonant interactions between the eigensolutions of the Maxwell-Dirac field equa- 
tions and the orbiting electrons. Thus the metron picture of the atomic system 
represents an amalgam of QED (at the tree level) and Bohr's original orbital theory. 
The principal properties of the Standard Model are reproduced assuming a four-or 
five-dimensional harmonic-space background metric. The Standard Model gauge 
symmetries are explained as a special case of the diffeomorphic gauge symmetries of 
the Einstein equations. Details are given in Parts |2| and |4|. 

Keywords: 

metron — unified theory — wave-particle duality — higher-dimensional gravity — solitons 
- Maxwell-Dirac-Einstein system — Standard Model — EPR paradox — Bell's theorem 
— arrow of time 
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RESUME 



Dans la premiere partie de ce travail est elabore le cadre d'une theorie unifiee 
deterministe des champs et particules. Cette theorie s'appuie sur un ensemble unique 
d'equations de champs: les equations d'Einstein du vide dans un espace a dimensions 
au-dela de quatre. Les dimensions additionnelles ne sont pas compactifiees par 
consequence d'une tres grande courbure de l'espace supplementaire. La metrique 
est representee par une perturbation superposee sur la metrique de fond de l'espace 
plat. Des solutions non-lineaires de type soliton appelee metrons, sont proposees 
pour ces equations. Elles apparaissent de fagon locale dans le domaine spatial et 
de fagon periodique dans les dimensions supplementaires ainsi que dans le domaine 
temporel. Les solutions resultent d'une interaction mutuelle entre un champ moyen 
inhomogene (par exemple un champ gravitationnel ou un champ electromagnetique) 
agissant comme guide d'onde et un champ ondulatoire periodique dans l'espace 
supplementaire, dit espace harmonique capture dans le guide d'onde. Le mecanisme 
de capture de modes de champs est decrit a l'aide d'un Lagrangien simplifie, qui 
neammoins reproduit les proprietes fondamentales non-lineaires du Lagrangien de 
gravitation tout en supprimant la complexite des structures des tenseurs. Le but 
de ce travail se limite aux calculs des solutions au systeme de gravitation a basse 
dimension, et non aux calculs plus compliques des solutions du systeme complet de 
gravitation a haute dimension 

Le modele est strictement symetrique au sein du domaine temporel. Ainsi le 
theoreme fondamental de Bell, qui s'appuie sur l'existence d'une Heche du temps et 
qui etablit la non-existence d'une theorie deterministe a variables cachees, n'est pas 
valable. La symetrie d'inversion temporelle, le theoreme de Bell et l'interpretation 
de metron de Pexperience d'Einstein, Podolsky et Rosen (EPR) seront etudies en 
detail dans la troixieme partie. 

Puisque les equations d'Einstein du vide ne possedent pas de constantes de 
physique, on deduit toutes les proprietes de particules (masse, charge, spin, etc.) 
ainsi que les constantes de physique (constante de gravitation, constante de Planck, 
les coefficients de couplage des forces fortes et des forces faibles, les parametres du 
modele standard, etc.) a partir des proprietes des solutions de metron. Les para- 
doxes de la dualite onde - corpuscule s'expliquent par la nature duale des solutions 
de metron. Les regions localisees, fortement non-lineaires du noyeau des solutions, 
possedent les proprietes corpusculaires, tandis que les champs de metron a distance, 
y compris un champ periodique d'onde stationnaire de de Broglie , sont responsables 
de l'aspect ondulatoire des phenomenes d'interference. L'existence de spectres atom- 
iques discrets s'explique par les interactions resonantes des les solutions propres des 
equations de champs de Maxwell-Dirac et des electrons tournoyants. Ainsi l'aspect 
de metron d'un systeme atomique represente-t-il un amalgame entre la QED (si l'on 
exclut de la serie de perturbation les diagrammes de Feynman qui contiennent des 
boucles) et la theorie quantique originelle des orbites de Bohr. Les proprietes prin- 
cipales du modele standard sont reproduites, etant donnee une metrique de fond de 
l'espace harmonique a quatre ou cinq dimensions. Les symetries de jauge du modele 
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standard sont ici des cas particuliers des symetries de jauge diffeomorphiques des 
equations d'Einstein (cf. parties 2-3-4). 

Mots cles: 

metron — theorie unifiee — dualite onde-corpuscule — theorie de gravitation a haute di- 
mension — solitons — systeme de Maxwell-Dirac-Einstein — modele standard — paradoxe 
d'EPR — theoreme de Bell — fleche du temps 
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1.1 Introduction 



Quantum indeterminacy versus classical objectivity 

Despite the impressive achievements of quantum theory, the discusssion on the con- 
ceptual foundations of the theory has never completely abated ever since the theory 
was first conceived nearly seventy years ago [|J. The debate has revolved around a 
number of unusual and somewhat disturbing features of the theory: the limitation 
to a purely statistical description of microphysical systems already at the funda- 
mental level of the basic equations; the associated inability of describing individual 
microphysical 'events' or assigning physical 'objects' to the mathematical quantities 
appearing in the basic equations; the imprecise demarkation between the quantum 
physical system and the macrophysical system described by classical physical observ- 
ables; and the concept of a measurement process which induces a sudden collapse 
in the quantum physical state vector. 

These difficulties, together with the problem of divergences, have not only been 
a continual source of concern in the development of quantum field theory, but have 
also presented an obstacle to the unification of quantum field theory with the general 
relativistic theory of gravitation, which, in its elegantly simple foundation on the 
postulate of invariance with respect to coordinate transformations, is free of these 
conceptual intricacies. 

Ultimately, the quantum theoretical controversy between deterministic 'realism' 
and probabilistic 'positivism' reduces to the pivotal question: have we no choice but 
to resort to a fundamentally statistical description of nature at the microphysical 
level, or is it conceivable that a deterministic theory can be constructed which pro- 
vides an objective description of individual microphysical events? The alternative 
viewpoints can be illustrated by the example of the Bragg scattering of a monochro- 
matic beam of particles at a periodic lattice. Quantum theory predicts the mean 
intensities of the scattered beams in the various discrete Bragg scattering directions, 
but is unable to 'describe' what actually happens when an individual particle is scat- 
tered. Yet for a sufficiently low-intensity particle beam, it is perfectly possible to 
uniquely reconstruct (to adequate accuracy within the Heisenberg uncertainty con- 
straints) the path of an individual particle, which can be registered when it leaves 
the particle source, must pass through the (small) lattice target and is detected again 
at a later time, after it has been scattered into some particular Bragg direction, by 
some (also small) element of a counter array. Quantum theory nevertheless continues 
to describe such an individual event by a scattering wave function which contains all 
the possible Bragg beams up to the instant when the location of the scattered parti- 
cle is actually measured, at which instant the wave function is suddenly collapsed to 
a new state function describing the localized particle state. The Copenhagen inter- 
pretation of a sudden collapse can be replaced by the more modern representation 
of a continuous evolution of the state function during the measurement process, but 
this does not change the quantum theoretical picture of a single particle scattering 
into a number of separate beams prior to the measurement process. In contrast, a 
deterministic particle theory should be able to mathematically describe (although 
not necessarily predict) such an individual scattering event in terms of the same 
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'objective' particle picture which an experimental physicist would normally use to 
describe the event. We come back to this example later. 

The basic paradigm of quantum theory is that the experimental finding of both 
wave-like and corpuscular phenomena at the microphysical level is fundamentally 
irreconcilable within the framework of classical 'objective' physics. The quantum 
theoretical solution is to ignore all corpuscular properties at the basic level of the 
dynamical system equations, which describe only nonlinearly interacting wave fields. 
To establish the connection to the dual nature of observed microphysical phenom- 
ena, a suitable statistical interpretation of the wave-field computations is then intro- 
duced. This enables the wave-dynamical computations to be related to either waves 
or particles, depending on the experimental situation. However, the 'objective' si- 
multaneous 'existence' of both waves and particles is denied. 

In the following we question this paradigm. It is argued that the dual existence 
of both wave-like and corpuscular properties does not necessarily contradict 'objec- 
tive' physics in the classical sense. We develop the basic elements of a theory of 
fields and particles which explicitly incorporates both waves and particles as objec- 
tive phenomena in a conceptually simple manner. The widely held view that such 
theories are inherently incompatible with the experimental evidence, as exemplified 
by Bell's theorem, is shown to be invalid for the present model. 



The metron approach 

The model contains two basic elements: (i) it is shown that the apparent wave- 
particle duality conflict can be resolved in terms of a rather simple soliton-wave 
picture which exhibits both wave-like features, represented by a periodic far field of 
the soliton, and particle features, associated with the strongly nonlinear core region 
of the soliton; and (ii) a specific soliton model is developed which unifies gravity 
with the other forces of nature. 

The model is based on a single simple fundamental equation, Einstein's gravi- 
tational field equation in a higher- (eight- or nine- )dimensional matter-free space, 
without a cosmological term: 



Rlm = (1.1) 



where Rlm is the Ricci curvature tensor. Apart from the trivial flat-space solution, 
Einstein's vacuum equations have solutions, such as gravitational waves, for which 
the Ricci contraction of the Riemann curvature tensor but not the full curvature 
tensor itself vanishes. We postulate that the higher-dimensional equations possess 
also nonlinear soliton-type wave solutions, referred to in the following as metrons. 

The determination of the metron solutions themselves is a major computational 
task and is not attempted in this four-part paper. However, after summarizing the 
principle concepts and properties of the metron model in the first three sections of 
Part |l|, we present in Section |1.4| some explicit computations of solitons of the same 
nonlinear structure as the proposed metron solution for a simpler nonlinear system 
which exhibits the same features as the gravitational equations without their tensor 
complexities. The main purpose of this exploratory paper, developed in Parts |2[ni is 



to demonstrate that the equations (1.1) have an extremely rich nonlinear structure 



which encompasses all the principal interactions of quantum field theory and can be 
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used as the foundation of a unified deterministic theory of fields and particles. This is 
shown for electromagnetic interactions, i.e. for the Maxwell-Dirac-Einstein system, 
in Part ^ and for all forces, including weak and strong interactions, in the discussion 
of the Standard Model in Part ||. Based on the analysis of the Maxwell-Dirac- 
Einstein System, Part ^ addresses basic issues of microphysics and quantum theory, 
such as irreversibility, the EPR parodox, Bell's theorem, wave-particle duality and 
the origin of discrete atomic spectra. 

We note that matter is not included as a separate external source term in 
Mass and other particle properties are derived instead as properties of the solutions 
of the field equations themselves M . The physical spacetime components of the Ricci 
tensor contain not only the Ricci tensor for the four-dimensional gravitational field 
but in addition (strongly nonlinear, localized) terms arising from the contraction 
of the extra-space components of the Riemann tensor. It will be shown that these 
yield the standard energy-momentum tensor which appears as external source term 
in classical four-dimensional gravitational theory. 

Electromagnetic forces and weak and strong interactions are represented by the 
further extra-space or mixed physical spacetime-extra-space components of the Ricci 
tensor. These can similarly be decomposed into linear or weakly nonlinear far-field 
contributions and strongly nonlinear localized terms, the latter representing in this 
case the currents arising from electric charges and weak and strong interactions. 

Thus all forces follow, as in classical general relativity, from the curvature of 
space. However, the curvature is not produced by prescribed mass fields, but is a 
self-generated feature of the nonlinear field equations (1.1) themselves. Moreover, 
in contrast to the standard field theoretical approach, the coupling constants and 
symmetries are not postulated in the basic field equations, but follow from the spe- 
cific geometrical properties of the metron solutions. The basic equations are free of 
physical constants, and the only postulated symmetry is the invariance of the field 
equations with respect to coordinate transformations. 



The choice of ( |1.1[ ) as the fundamental set of equations follows naturally from 
three considerations: 

1. In order to develop a unified description of all forces we wish to adopt Ein- 
stein's successful and elegant approach of identifying forces with curvature in 
space. Since the metric of four-dimensional spacetime is already fully needed 
to describe classical gravity, the inclusion of additional forces represented by 
metric fields requires an extension of space to higher dimension. 

2. We wish ultimately to explain the particle spectrum, including the particle 
masses. This can clearly not be achieved by a theory in which mass is postu- 
lated to exist from the outset. The mass-dependent source term in the Einstein 
equation must therefore be omitted, the properties of mass (and other particle 
properties) being derived from the solutions of the nonlinear Einstein vacuum 
equations themselves. 

3. The equations should be consistent with the principle of maximal simplicity. 
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The present approach clearly lies outside the main stream of modern unification 
schemes. Rather than trying to unify gravity and quantum theory by quantizing 
gravity ||] , we attempt to apply the concepts of (higher-dimensional) gravity theory 
to explain quantum effects. Thus our starting point is the Kaluza-Klein approach 
of the twenties rather than the super-gravity and super-symmetry theories of the 
eighties. 

The theory contains a number of common elements with previous attempts to 
develop a classical description of microphysical phenomena. As in Bohm |Q] and de 
Broglie |5j, wave-like and particle- like properties are not regarded as contradictory 
and mutually exclusive phenomena, but as simultaneously existing 'objective' reali- 
ties in a classical, deterministic sense. However, in contrast to the de Broglie-Bohm 
pilot wave theory, waves and particles are not treated as separate entities, but ap- 
pear rather as the near and far field expressions of the same physical object: a finite 
particle, or 'metron'. The description of particles as objects of finite extent is clearly 
reminiscent of the early attempts of Lorentz |J to develop a theory of the electron 
as a finite-sized charge distribution. The present particle model differs from that of 
Lorentz in containing more space dimensions and more fields. 

The particles consist of a localized, strongly nonlinear core and a set of linear far 
fields which, in the particle rest frame, are either time independent (gravitational, 
electromagnetic and neutrino fields) or periodic in time (de Broglie waves). A tran- 
sitional weak interaction region bridges the strongly nonlinear core and linear far 
field regions. The core is the origin of the corpuscular properties of matter, while 
the periodic de Broglie far fields give rise to the wave-like interference phenomena. 
The de Broglie far field represents a trapped standing-wave field, so that radiative 
damping does not occur. 

These properties apply to physical spacetime. With respect to the extra-space 
dimensions, the metron fields are multi-periodic: they consist of a superposition of a 
finite number of fundamental periodic components and their higher-harmonic inter- 
action combinations (including zero-wavenumber fields). Different Fourier compo- 
nents are identified with the different constituents (partons) of elementary particles, 
which will be related in Part |] to the partons of the Standard Model. 

All interaction fields are regarded as perturbations superimposed on an n- 
dimensional background metric tjlm = diag (1,1,1,— 1,---,±1,---). In contrast to 
most modern Kaluza-Klein theories, the extra space is not compactified by assuming 
a spherical topololgy with a background metric of very large curvature. The concept 
of periodic fields with respect to extra-space dimensions goes back to the original 
Kaluza-Klein papers 0] and is revived in recent string theories ||. To emphasize 
the role of periodicities in extra-space and the fact that the present extra-space is 
more closely related to the periodic extra-space dimensions of string theory than 
the usual curvature-compactified extra-space of higher-dimensional gravity, we shall 
refer to extra space in the following as harmonic space. 

The assumption that all fields can be treated as perturbations with respect to 
a flat background metric implies that the description is local with respect to cos- 
mological scales. The manner in which this local description is embedded in a 
cosmological model of n-dimensional space is not discussed. Similarly, the origin of 
the distinction in the structure of the perturbation fields with respect to physical 
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Figure 1.1: Schematic diagram of trapped-mode (up- 
per panel) and wave-guide (lower panel) components 
constituting a metron particle 



spacetime and harmonic space - a fundamental question of Kaluza-Klein theories 
which is usually deferred to cosmology - is not considered. It is simply noted that in 
a higher-dimensional space with the assumed background metric t/lm, trapped-mode 
particle- like solutions of (1.1) which are locally concentrated in the three dimensions 
of physical space and periodic with respect to the remaining dimensions can be ex- 
pected to exist. The geometrical distinction between the locally concentrated and 
periodic properties of the metron solution defines the local physical spacetime and 
harmonic-space orientation. The vielbein can in general be a function of spacetime: 
different particles at different locations can have different vielbeins with respect to 
a non-local coordinate system. The changes in vielbein orientation are the origin of 
forces between particles (see also item 4 below) ||. 

These general metron properties are inferred from the nonlinearity of the field 
equations (IT). It is postulated (and demonstrated for a simpler prototype system) 
that the equations can support nonlinear soliton-type solutions in the form of wave 
modes trapped within a wave guide. The wave modes themselves generate the wave 
guide in which they propag ate (cf. Fig. [O]). The b asic mechanism is a mutual 
interaction between the wave modes and the mean metric field which governs the 
wave propagation properties. The wave-guide and trapped modes are uniform in 
harmonic space and time but inhomogeneous with respect to physical space, the 
fields increasing to large values within the particle core and falling off exponentially 
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(in accordance with a trapped mode) or as 1/r (corresponding to a free wave) away 
from the core region. The mean 'radiation stresses' or currents arising from quadratic 
and higher-order wave-wave interactions are therefore inhomogeneous in physical 
space and distort the mean metric field in which the modes propagate. This produces 
a wave guide which refracts and traps the waves in the neighbourhood of the particle 
core. The increase of the trapped-mode amplitudes towards the particle core is in 
turn the origin of the inhomogeneous radiation stresses required to maintain the 
wave- guide. 

The mechanism is demonstrated for a prototype nonlinear Lagrangian obtained 
by projection of the full gravitational Lagrangian onto a finite set of modes. The 
reduced Lagrangian captures the basic nonlinear properties of the complete grav- 
itational Lagrangian while ignoring its tensor complexities. As pointed out, the 
computation of metron solutions for the full gravitational equations is considerably 
more difficult and will not be attempted here. 



Bell's theorem and time-reversal symmetry 

A deterministic particle model with these properties clearly falls in the class of 
hidden-variable models and must therefore contend with the widely held view that 
hidden-variable theories are generically incompatible with quantum theory and ex- 
periment. Although von Neumann's |nj celebrated proof that all hidden-variable 
theories are necessarily inconsistent with quantum theory has been shown by Bell [11] 



to rest on invalid assumptions, Bell's [12] own well-known theorem on the Einstein- 
Podolsky-Rosen paradox [13 is generally cited as an irrefutable argument against 
hidden-variable theories. 

Bell showed that any hidden-variable interpretation of the EPR-Bohm experi- 
ment, in which a two-particle state with zero net angular momentum decays into two 
separate particles of opposite spin orientation, must satisfy an inequality relation 
regarding the correlations of the spins of the final particle states, measured in two 
arbitrary directions, which is in conflict with the quantum theoretical result and 
experiment. However, an essential assumption of Bell's theorem, already empha- 
sized by Bell, is forward causality, or the existence of an arrow of time. Although 
seemingly self-evident in the context of the EPR experiment, forward causality is 
in fact incompatible with time symmetry, which is a fundamental property of all 
basic (deterministic) equations of classical physics. Time-reversal symmetry is also 
a basic feature of the metron model. Bell's theorem is therefore not applicable to 
the metron model, and it will be shown that the EPR paradox can indeed be readily 
resolved in the metron picture without violating the experimental findings. 

We shall adopt the classical view that an arrow of time does not appear at 
the basic level of microphysical phenomena but only at the aggregrated level of 
macrophysics: irreversibility arises through the introduction of time asymmetrical 
statistical hypotheses, such as the Boltzmann-Gibbs assumption that fine-grained 
structure properties can be neglected when going forwards in time, but not when re- 
constructing the past. While this view is generally accepted for classical wave- wave 
interactions or non-relativistic local particle interactions (collisions), the question 
of the time-symmetry of non-local interactions between particles mediated by fields 
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which propagate - as required for Lorentz invariance - at finite speed has been the 
subject of some debate. The problem is to explain the observed irreversible radiative 
damping of charged particles under non- uniform acceleration. Ritz [14] believed that 
this could be recovered only by introducing the auxilliary axiom that the electro- 
magnetic field of a charged point particle is given by the retarded potential. Einstein 
[l5t| , Tetrode fl(| and others argued, however, that one should retain time symmetry 
by choosing the time-symmetrical Green function, consisting of half the sum of the 
retarded and advanced potentials. Einstein explained the observed radiative damp- 
ing by the time-asymmetrical statistical properties of other particles with which the 
radiating particle interacts ||17|| . According to this view, an electromagnetically iso- 
lated charged particle would not emit radiation. The time-symmetrical theory of 
elecromagnetically interacting point particles has been developed further by Tetrode 



\1§, Frenkel @, Fokker ||], Dirac Wheeler and Feynman glj, J2| and others, 
leading to the prevalent view that the classical electromagnetic coupling of particles 
interacting at a distance should in fact be described by time-symmetrical potentials. 
Radiation damping is explained by the time-asymmetrical statistical properties of a 
distant perfect absorber [21]. Alternatively, one can invoke the time asymmetry of 
the large-scale cosmological properties of an absorbing universe j23j. 

We shall similarly describe deterministic interactions between particles by time- 
symmetrical potentials, interpreting irreversibility as a statistical phenomenon (the 
cosmological interpretation is not at our disposal, since we have limited ourselves 
to a locally flat sub-region of the universe - although it could be argued that lo- 
cal statistical time-asymmetry can be justified ultimately only by cosmology [24]. 
However, in contrast to classical theories for point particles, we are not forced to 
take an axiomatic stance on this question. The only basic equations of the present 



theory are the (time symmetrical) set of equations (LI). As solutions of these equa- 



tions we can in principle admit particle states which have either time-symmetrical 
or time-asymmetrical far fields. It will be shown that the time-symmetrical particle 
solutions are closed in the sense that they conserve 4-momentum within a finite 
set of interacting particles, while the time-asymmetrical solutions are open, losing 
(or gaining) 4-momentum through radiation to (or from) space. It will be shown 
further, following the arguments of Wheeler and Feynman pi] , that the open solu- 
tions of a finite set of interacting particles correspond to the closed solutions of an 
extended system including a distant ensemble of perfectly absorbing particles. Thus 
our option of describing particle coupling always in terms of time-symmetrical closed 
interactions, introducing an additional perfect absorber if required, is a matter of 
conceptual convenience rather than necessity. Depending on the system, interactions 
between particles can be described either in closed or open form. It will be argued 
that for the EPR experiment the closed rather than the open interaction description 
is appropriate. 



1.2 Specific properties of the metron model 

Starting from the basic assumption of the existence of trapped modes of the n- 
dimensional gravitational equations, we develop in the following the framework of a 
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unified, deterministic, time-symmetric theory of fields and particles which is char- 
acterized by the following properties [p5[ . 



1 . All fields and particles are derived from the matter- free full-space gravitational 



equations without introduction of additional fermion, boson or other 

mixed fields (in contrast to most modern higher-dimensional gravity theories 
[p(ifl). Bosons and fermions are identified with particular components of the 
full-space gravitational metric. The theory is thus a pure higher-dimensional 
extension of Kaluza-Klein theory M . 



2. The theory is developed by expansion of (|1.1| ) about a flat space background 
metric tjlm = diag (1, 1, 1, —1, • • • , ±1, • • •). Thus the harmonic space is not 
compactified. For much of the analysis concerned with the Maxwcll-Dirac- 
Einstein system, the space dimension n (> 4) and the structure of t]lm in 
harmonic space need not be specified. However, in order to represent fermion 
fields in accordance with the standard Dirac Lagrangian, the dimension of 
harmonic space must be at least four. The Maxwell-Dirac-Einstein Lagrangian 
can then be recovered for a background harmonic-space metric of suitable 
signature. The principal features of electroweak and strong interactions, as 
summarized by the Standard Model, can also be obtained with a minimal 
four-dimensional harmonic-space representation, but a closer correspondence 



can be established if an additional dimension is introduced (see item 13 below). 



The theory contains no universal physical constants or particle parameters. 
The only information on the structure of the physical world introduced at 
the axiomatic level is in the form of the gravitational equations (which in 
the matter- free form ( |1.1|) contain no physical constants), in the dimension of 
space, and in the signs of the normalized background metric. The normal- 
ization of the background metric defines the length scales of physical space, 
time and the relative length scales of harmonic space. Once the reference 
length scale has been specified, for example in terms of the length scale of 
some reference particle, all other particle length and time scales, masses, spins 
and magnetic moments, Planck's constant, the elementary charge, the gravi- 
tational constant and other coupling constants are determined by the intrinsic 
geometrical properties of the metron solutions [27]. The metron theory must 



therefore be able to explain, among other properties, the force hierarchy, in- 
cluding, in particular, the extremely small relative magnitude of gravitational 
forces. Although detailed metron solutions will not be presented in this paper, 
it will be shown that gravitational coupling is indeed an exceptionally weak 
higher-order nonlinear property of the metron solutions. 

4. The only fundamental symmetry of the theory is the invariance with respect 
to regular coordinate transformations (diffeomorphisms). All other symme- 
tries, such as the gauge symmetries of the Standard Model, follow from this 
very general gauge symmetry and the internal geometrical symmetries of the 
metron solutions. Thus, in contrast to the standard quantum-theoretical ap- 
proach, specific symmetries are not introduced into the basic field equations, 
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but are derived from the specific geometrical properties of the solutions of the 
field equations. The geometry of the metron solution for a given particle de- 
fines a canonical local coordinate system in harmonic space at the location of 
the particle. This is the coordinate system for which the harmonic wavenum- 
ber vectors associated with the various periodicities of the metron solution 
are oriented in specific harmonic-space directions assigned to the individual 
forces. The gauge symmetries express the property that these local vielbeins 
can in general be functions of physical spacetime. As in the special case of 
classical gravitation, the connections describing the variations of the vielbeins 
in physical spacetime determine the forces between particles. 

5. Consistent with the general philosophy of attributing specific symmetries to 
the solutions of the field equations rather than the field equations themselves, 
parity violation is explained as a spatial-reflection asymmetry of certain sub- 
components of the metron solution, not as a reflection asymmetry of the weak- 
interaction sector of the basic Lagrangian. The phenomenon of parity violation 
is thus removed from the fundamental level of the field equations and - just as 
circularly polarized light or left-handed molecules - is not in conflict with our 
intuitive expectation that physics should be invariant with respect to spatial 
reflections [p8| . Although not discussed, the phenomenon of CP violation in 
kaon decay can be similarly interpreted as a symmetry-breaking property of 
the metron solutions rather than of the basic Lagrangian. 

6. All metron particles have finite mass. This is shown to be proportional to the 
metron rest-frame frequency in accordance with de Broglie's relation. Finite- 
mass particles support periodic (de Broglie) far fields. These are the origin of 
the wave-like interference properties of microphysical phenomena. The classi- 
cal view that periodic far fields necessarily lead to irreversible radiative damp- 
ing is invalid on the microphysical scale, where time symmetry prevails, the 
de Broglie far fields representing undamped trapped standing waves. 

7. All far fields originate in individual metrons, or are generated by nonlinear 
interactions between fields in the vicinity of metrons. Free radiation fields 
without an associated metron source do not occur. The fields of individual 
particles are time-symmetrical (no net ingoing or outgoing radiation). Outgo- 
ing radiation fields, as mentioned above, are explained by interactions with a 
non-time- symmetrical statistical ensemble of absorbing particles. 

8. Zero-mass particles (photons, neutrinos - assuming their rest mass is indeed 
zero) are not regarded as particles in the metron picture but as far fields in 
the classical sense. They derive their particle-like properties from the discrete 
transitions between discrete particle states which they mediate p9[| . 

9. The distinction between Einstein-Bose and Fermi-Dirac statistics for elemen- 
tary particles - which plays a fundamental role in quantum field theory, where 
it is founded on the different commutation/anti-commutation relations for 
bosons and fermions - follows in the metron model simply from the distinc- 
tion between finite-mass fermion particles, which as real particles cannot be 



15 



superimposed locally and therefore automatically comply with Pauli's exclu- 
sion principle, and massless boson fields, which, as classical fields, can be 
superimposed without restriction. Exceptions from these categories, however, 
are the neutrino, which is a fermion but, according to the metron model, a 
field, and should therefore not underly the exclusion principle, and the finite- 
mass electroweak bosons, which cannot be superimposed. The implications of 
these exceptions need to be explored further. 

10. The theory, if meaningful, should encounter no divergence problems: the full 
set of all nonlinear interactions should yield finite, singularity-free particle 
states. The historical basis for this anticipation is not encouraging. Most 
nonlinear-interaction Lagrangians which have been considered in elementary 
particle physics have led to divergence problems, many of which could not 
be 'repaired' by renormalization methods. The nonlinear gravitational equa- 
tions in four-dimensional spacetime (with mass source terms) are also prone 
to generate fields which are not globally regular (e.g. the Schwarzschild solu- 
tion) - although it is encouraging that Christodoulou and Klainerman []3(| have 
recently shown that Minkowski space is at least stable to small perturbations. 

11. In contrast to quantum field theory, which is essentially a theory of fields, the 
metron model has both a field content, represented by the particle far fields, 
and a genuine particle content, represented by the strongly nonlinear core 
regions of the fields. This is the principal difference between quantum field 
theory and the metron model. Quantum field theory 'resolves' the paradox of 
wave-particle duality by in effect ignoring corpuscular properties in the basic 
dynamical field equations, which are pure wave equations. The connection to 
particles is established subsequently through an appropriate statistical formal- 
ism. Since particles do not appear explicitly in the theory, the concept of a 
'particle' is not defined. In the metron model, on the other hand, both parti- 
cles and fields are well defined 'objects' which can be identified with particular 
features of the solutions of the basic field equations. The particle content of the 
metron model yields the particle constants, coupling coefficients and (dimen- 
sionless) physical constants. The field content is formally equivalent (to lowest 
interaction order at the tree level) to the quantum field equations and therefore 
reproduces most of the basic results of quantum field theory. None the less, 
interactions between the corpuscular features (contained in the core regions) 
and field properties (represented by the far-field regions) of the metron model 
can be expected to yield different results from standard quantum field theory 
at higher order, for example in the computation of scattering and interaction 
cross-sections and branching ratios. These could provide a critical test of the 
theory (in addition, of course, to the derivation of the particle properties and 
dimensionless physical constants from the metron solutions). 

12. In the metron picture it is meaningful to consider conceptually the simultane- 
ous position and momentum of an objectively existing metron particle. Never- 
theless, Heisenberg's uncertainty principle is satisfied in the sense that metron 
particles are of finite extent and support de Broglie fields whose wavenum- 
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ber widths and spatial extent are in accordance with the Heisenberg relation. 
Moreover, it is in general not possible to devise an experiment in which an ini- 
tial statistical distribution of metron particles with a joint momentum-position 
probabilty distribution satisfying the Heisenberg inequality relation is modified 
in such a way that the Heisenberg inequality relation is subsequently violated. 
Thus although the Heisenberg uncertainty principle applies formally only to 
the field content of the metron model, the traditional explanation of the un- 
certainty principle in classical particle terminology applies also to the metron 
model: it is not possible to accurately measure conjugate particle properties 
because of the interaction of the measurement device with the object being 
measured. 

13. The principal features of the Standard Model can be reproduced assuming a 
suitable geometrical structure of the metron solutions and a four-dimensional 
harmonic space with background metric of suitable signature. A closer corre- 
spondence can be achieved, however, if an additional dimension is introduced. 
Nevertheless, despite the close structural similarity of the metron model with 
the Standard Model, small differences exist. In particular, the Standard Model 
interactions represent only a sub-set of all possible interactions in the gravita- 
tional system. Thus from the metron viewpoint the Standard Model appears 
only as a first approximation of the fully nonlinear system. 

A theory with these properties must clearly rest ultimately on the demonstration 
that the n-dimensional gravitational field equations do indeed support stable, self- 
trapping wave- guide type soliton solutions. The metron solutions must furthermore 
reproduce all known elementary particles and their interaction cross-sections and 
yield all physical constants. 

It is also clear that the development of such a complete theory, involving the nu- 
merical solution of the highly complex nonlinear n-dimensional gravitational equa- 
tions, is not a minor undertaking. Before embarking seriously on this task, it there- 
fore appears appropriate to consider first a number of general implications of the 
proposed alternative view of microphysical phenomena. This is the principal purpose 
of this first four-part paper. In short, we focus here on the feasibility of developing 
a model with the properties listed above rather than on the detailed structure of the 
model itself. Perhaps it would therefore be more appropriate to speak of the metron 
program rather than the metron model. Nevertheless, in the process of analyzing 
the basic concepts of the metron model, it will be found that most of the basic 
properties listed above can indeed be explicitly derived, although some of the stated 
features of the model must necessarily remain speculative at this stage. 



1.3 Development and implications of the metron con- 
cept 

The principal differences between the metron and quantum field theoretical view of 



microphysics are summarized in Table 1.1. The four parts of the paper are structured 



17 



in accordance with the phenomena listed in the table, the last column of the table 
indicating the sections in which the various concepts are discussed. 

Before commencing with a more detailed analysis of the metron concept in Parts 
|2||4|, we first investigate in the remaining sections of Part |l] whether the basic premise 
of the theory, namely that the nonlinear gravitational field equations in a higher- 
dimensional space can support self-trapping wave-guide modes, appears reasonable. 
It is demonstrated that trapped-mode solutions do indeed exist for nonlinear La- 
grangians in n-dimensional space. Solutions are computed to lowest interaction 
order for a prototype nonlinear Lagrangian whose general structure follows from the 
gravitational Lagrangian by projection of the fields onto a reduced set of modes. 
Depending on the form of the coupling, the wave-guide can support trapped wave 
modes which fall off exponentially within a short distance outside the core (repre- 
senting a model for quark and gluon fields or weak-interaction bosons) or far fields 
which decrease aymptotically as 1/r (gravitational and electromagnetic fields) or at 
a very weak exponential rate (de Broglie fields). 

Not resolved is the problem of the discreteness of the particle spectrum. The 
trapped-mode solutions found for the simplified Lagrangian generally represent a 
continuum. Additional considerations, such as stability, need to be invoked to re- 
duce the solutions to a discrete set. We regard this as the major open problem of 
the metron approach at this point. Included in the question of discreteness is the 
problem of uniqueness. It must be shown that different particle states at different 
locations are not only discrete but also identical. A trivial continuum of solutions 
always exists because of the invariance of eq. ( |1.1| ) with respect to an arbitrary com- 
mon change of the coordinate scales (without changing the fields - this follows from 
the homogeneity of the field equations with respect to the derivatives and is indepen- 
dent of the invariance with respect to diffeomorphisms) . It must therefore be shown 
that all solutions exhibit the same spatial scaling (which can then be used to define 
a universal unit of length). This requires some form of multi-particle interaction 
leading, presumably, to some collective stability criterion. 

An alternative philosophy is to simply postulate (in analogy with string the- 
ory) that all solutions of the n-dimensional gravity equations in our world are pe- 
riodic, with different but universal periodicities represented by different harmonic 
wavenumber vectors. The wavenumber components define the coupling coefficients 
of the electroweak and strong forces. The coupling coefficients can then no longer be 
regarded as derived quantities of the metron model, but appear rather as empirical 
universal constants (gravitational forces, however, will still be derived as higher or- 
der nonlinear metron properties). Which of the two views is more appropriate must 
await more detailed stability investigations (cf.Q). 

In Part ^ the metron picture of the Maxwell-Dirac-Einstein system is developed. 
Assuming that trapped-mode solutions of the n-dimensioal gravitational equations 
exist, and that they are indeed discrete and unique, we address first the question 
whether it is possible to derive the basic boson spin-one and fermion half-odd-integer- 
spin fields of standard quantum field theory from the tensor fields of the gravitational 
metric. In most higher-dimensional gravity theories, boson and fermion fields (as 
well as a large number of auxiliary mixed fields) are simply introduced as additional 
fields. In Sections |2.1| , |2.3| it is shown that for a metron solution composed of fields 
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Phenomenon 


QFT 


Metron model 


Sections 


particles 


defined statistically 


trapped mode solutions 
of field equations 


1.4 




2.5 


fields 


defined statistically in 
conjunction with parti- 
cles by system state 


form nonlinear particle 
core, experienced as far- 
fields 


2.4 


»! 


T ,a orn n en anc 


derived from postulated 
gauge symmetries 


inferred from n-dimen- 
sional gravitational La- 
grangian 


2.4 


J 


physical con- 
stants 


postulated 


derived from metron so- 
lutions with postulated 
periodicities 


2.5,| 


Bell's theorem 


violates time symmetry of both theories, not ap- 
plicable to reversible microphysical phenomena 


3.4 




wave-particle 
duality 


statistical interpretation; 
non-existence of 'objec- 
tive' fields and particles 


explained by periodic de 
Broglie far fields of 'ob- 
jective' particles 


3.5, 


3.6 


atomic 
spectra 


eigensolutions of 
Maxwell-Dirac system 


same as QED at low- 
est order augmented by 
Bohr-orbiting electrons 


3.6 


absorption 
and emission 


secular (resonant) per- 
turbations of system 
state 


similar formalism for 
classical fields 


3.6 


divergences 


renormalization 


? (should not arise) 




Standard 
Model 


summarizes parti- 
cle spectrum, 19 empiri- 
cal parameters 


general structure repro- 
duced for given sym- 
metries of metron solu- 
tions; parameters deter- 
mined by solutions 


1 


gauge symme- 
tries 


postulated 


inferred from geometri- 
cal symmetries of metron 
solutions and invariance 
with respect to coordi- 
nate transformations 


2.4 




4.4 


particle inter- 
actions 


S-matrix formalism 


not discussed, similar- 
ity to S-matrix formalism 
anticipated from analogy 
with optical absorption 
and emission 


3.6 



Table 1.1: Relation between metron and quantum field theoretical picture of micro- 
physical phenomena 
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which are periodic in harmonic space, the familiar free-field equations for bosons 
and fermions can be extracted directly from the gravitational field equations. As- 
suming a suitable background harmonic-space metric with dimension of at least four 
and a periodicity of the fermion fields characterized by a single harmonic wavenum- 
ber vector k = (k§, 0, 0, • • •), say, the standard fermion-electromagnetic interaction 
Lagrangian for these fields is then derived using simple covariance arguments; an 
analogous form follows for the fermion-gravitational interaction Lagrangian. The 
U(l) gauge invariance of the Maxwell-Dirac-Einstein system is derived from the 
invariance of the metron solutions with respect to arbitrary spacetime-dependent 
translations in the x 5 -direction. 

Progressing from the standard interaction Lagrangians for weak field-field inter- 
actions derived in Sections 2.3, 2.4, Section 2.5 considers the coupling between parti- 
cles. This is described by the interactions of the fields in the nonlinear particle-core 
regions with the far fields of other particles. The classical Tetrode- Wheeler-Feynman 
description of point-particle interactions at a distance for electromagnetic and, by 
extension, gravitational interactions is recovered. In the process, the analysis yields 
expressions for the particle mass and charge, the gravitational constant, Planck's 
constant and de Broglie's relation. Similarly, all particle properties and physical 
constants are derived as functions of the metron solution. The exceedingly small 
ratio of gravitational to electromagnetic forces is explained by the metron geome- 
try: coupling through the gravitational mass is found to be a higher-order nonlinear 
process than the coupling through the electromagnetic charge. 

The analysis of electromagnetic interactions in Part |2| can be generalized to 
weak and strong interactions by considering fermion fields with periodicities charac- 
terized by wavenumber vectors oriented in other directions than the electromagnetic 
direction k = (k$, 0, 0, • ■ •). However, before extending the analysis to the metron 
interpretation of the Standard Model in Part ||, we address first in Part |3| some of 
the conceptual questions raised by quantum theory, together with the basic wave- 
particle duality paradoxes of microphysics which originally lead to the formulation 
of the theory. These must be resolved now from the alternative viewpoint of the 
metron model. Since the problems involve only atomic-scale phenomena and are in- 
dependent of the weak and strong interactions operating on nuclear scales, they can 
be addressed already using only the metron picture of the Maxwell-Dirac-Einstein 
system developed in Part f|. 

We first consider the interrelated questions of time- reversal symmetry (Section 
|3,2| ), forward causality, the origin of the arrow of time (Section |3.3[ ), the Einstein- 
Podolsky-Rosen paradox and Bell's theorem (Section [O]). It is shown that conser- 
vation of 4-momentum within a finite set of interacting particles requires a time- 
symmetrical representation of the particle far fields. Following Einstein [15| and 
Wheeler and Feynman [21], the empirical finding of time-asymmetrical outgoing 
radiation is explained by the interaction of the radiating particle with an infinite 
distant particle ensemble. This acts as a perfect absorber for the retarded potential 
of the particle and cancels the advanced field of the particle. The time-asymmetry 
of the absorber interaction (which was not explained in detail by Wheeler and Feyn- 
man) is attributed to classical Boltzmann-Gibbs-type irreversible interactions within 
a random ensemble of particles. Noting that the distant absorber plays no role in 
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the EPR experiment and that the forward causality assumption of Bell's theorem is 
therefore not satisfied by the time- symmetrical metron model, the EPR experiment 
can then be readily interpreted in the metron picture. 

The remaining sections of Part |3] address the problem of wave-particle dual- 
ity. The resolution of the wave-particle duality conflict in the metron picture is 
illustrated by two examples: the Bragg scattering of a particle beam at a periodic 
lattice (Section [3.5Q and atomic spectra (Section In both cases the corpuscu- 

lar phenomena follow from the existence of a particle core, while interference and 
other wave-like phenomena are explained by the periodic de Broglie far fields of the 
particles. 

The fact that in the case of Bragg scattering the far-field interference patterns im- 
press their signature also on the particle fluxes is explained by resonant interactions 
between the scattered far fields and the oscillating particle cores. Wave-trajectory 
resonance leads to the capture of the scattered particles in a set of discrete trajec- 
tories corresponding to the Bragg resonance scattering directions. 

Resonant interactions between scattered waves and particle trajectories explain 
also the existence of discrete atomic states. The scattered waves are generated in 
this case by interactions of the de Broglie far field of the orbiting electron with 
the nucleus. The scattered-wave equations are identical to the standard coupled 
Maxwell-Dirac field equations, but contain also a forcing term representing the in- 
teraction of the orbiting electron with the nucleus. For a discrete set of orbits for 
which the forcing frequency of the orbiting electron is equal to the frequency of 
an eigenmode of the Dirac-electromagnetic equations, resonance occurs. The reso- 
nant interaction between the orbiting electron and the Dirac eigenmode results in 
a trapping of the electron in the resonant orbit. Associated with the trapping is an 
interaction current which balances the radiative damping of the orbiting electron. 
For the simplest case of a circular orbit, it can be shown that the trapping condi- 
tion is identical to the Bohr orbital quantum conditions. The metron model thus 
yields an interesting amalgam of quantum electrodynamics (at the tree level) with 
the original Bohr orbital theory. 

In Part ||, finally, the analysis is extended to include weak and strong interac- 
tions. In order to recover the £7(1) x SU(2) x #£7(3) symmetry of the Standard 
Model, specific properties of the metron solutions and the harmonic-space back- 
ground metric must be invoked. The harmonic-space background metric must be at 
least four-dimensional, but can have various signatures. However, as pointed out, 
a closer correspondence between the metron and Standard Model can be achieved 
if an additional dimension is introduced, and we shall accordingly assume as proto- 
type harmonic metric tjab = diag (1, 1, 1, 1, —1) or diag (1, 1, 1, 1, 1). The first two 
harmonic-space dimensions define the electroweak interaction plane, periodicities 
with respect to the first and second dimensions being associated with the electro- 
magnetic forces and weak interactions, respectively. Periodicities with respect to the 
third and fourth dimension (the 'color' plane) define the strong- interactions, while 
the fifth harmonic dimension is needed, together with the other harmonic dimen- 
sions, to establish appropriate polarization relations between the tensor components 
of the metric field and the spinor components of the fermion fields in accordance 
with the Maxwell-Dirac-Einstein Lagrangian. For a suitable wavenumber configu- 
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ration, the metron solutions can be shown to reproduce the principal properties of 
the Standard Model, although differences remain in the details of the coupling. The 
Higgs mechanism is explained as a higher-order interaction, but is invoked only to 
explain the boson masses, the fermion masses being attributed to the mode-trapping 
mechanism. The gauge symmetries of the Standard Model are explained by the in- 
variance of the metron model with respect to a class of coordinate transformations 
in which the local harmonic vielbeins defined by the orientations of the harmonic 
wavenumber vectors are varied as functions of spacetime. 

The general correspondence between the metron model and the Standard Model 
is established by considering in the metron model only the boson fields generated 
by the sub-set of quadratic difference interactions between pairs of fermion fields. 
Quadratic sum interactions and higher-order interactions are excluded. From the 
metron viewpoint, the Standard Model appears therefore only as a truncated first 
approximation of the full nonlinear n-dimensional gravitational system. 

The paper is summarized, finally, in Section 4.5 . We conclude that, although the 
existence of a discrete, unique set of metron solutions of the n-dimensional gravita- 
tional equations (|l.l| ) has yet to be demonstrated, the general properties of metron 
solutions, if they do indeed exist, appear to capture most of the salient features 
of elementary particle and atomic physics. The correspondence between quantum 
field and metron theory is attributed primarily to the wave-like properties of the 
metron solutions. The field content of the metron model yields naturally the statis- 
tical properties of microphysical phenomena, which are recovered also by a quantum 
theoretical description. The corpuscular metron features, on the other hand, which 
are essential for a deterministic description of individual particle interactions, have 
no counterpart in the quantum field picture, which for this reason is in principle in- 
capable of describing individual microphysical events. The deterministic description 
of the strongly nonlinear interior core region of particles in the metron model also 
yields all particle properties, coupling constants and universal physical constants as 
functions of the metron solutions. 

A quantitative test of the predictions of the metron model must await numerical 
computations of specific metron solutions. The purpose of this first analysis was 
not to compute numbers, but rather to present an alternative view of microphysical 
phenomena which appears able, in principle, to overcome the conceptual difficulties 
of standard quantum field theory while at the same time offering a framework for a 
unified theory. It is hoped that the general picture which has emerged, together with 
the identification of the principal properties of metron solutions needed to explain 
the Standard Model, will motivate attempts to carry out such computations. 
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space 


components 




vector 


full n-dimensional space 


x L 


X = 




three dimensional physical space 


x l 


X = 


(x , X 2 , X 3 ) 


four dimensional physical spacetime 


x x 


X = 


/I 2 S 4\ 
[X ,X ,X ,X ) 


(n — 4) dimensional harmonic space 


x A 


X = 


(x 5 ,x 6 , ■ ■ ■ ,x n ) 



Table 1.2: Index and coordinate notation 



1.4 The mode-trapping mechanism 

Metron partons 

The basic premise of the metron model is that the higher-dimensional matter-free 
nonlinear gravitational equations support trapped wave-guide mode solutions. Be- 
fore preceding further with the implications of the model, we therefore first investi- 
gate this assumption. Although we shall not attempt to construct explicit metron 
solutions of the full gravitational equations in this paper, the basic nonlinear mode- 
trapping mechanism can be illustrated for a simplified nonlinear Lagrangian of the 
same structure as the gravitational Lagrangian. The simplified Lagrangian can be 
regarded as derived from the gravitational Lagrangian by projecting the metric field 
onto the modes of the metron solution. Anticipating a few general properties of 
the metron solutions, one obtains in this way a Lagrangian which retains the basic 
nonlinear interaction structure of the gravitational Lagrangian while omitting its 
detailed tensor complexities. 

We assume that in a suitably defined coordinate system in a small region of 
the universe (e.g. our galaxy), the metric field giM of a metron solution can be 
represented as a superposition 

9LM = riLM + 9lm ( L2 ) 
p 

of periodic 'parton' fields 

9lm '■= 9lm( x ) exp(iS p ) + compl. conj., (1.3) 
where the phase functions 



S p := kfx A (1.4) 

have constant harmonic wavenumber vectors kffl and the amplitudes 9l\[{x) are 
functions of physical spacetime x only. The index and coordinate notation used 



here and in the following is defined in Table 1.2. Non-tensor indices, which are 
excluded from the summation convention, are placed in parentheses when occurring 
together with tensor indices. 

(v) 

For small perturbations, \gllf \ <C 1, the parton components satisfy the linearized 



higher-dimensional gravitational equations [31| 

dNd N g { l ) M = 0, (1.5) 
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or, in terms of the parton amplitudes, the Klein-Gordon equations 



(° " <%) & = 0, (1-6) 

where 

*J (i-7) 



Tensor indices are raised or lowered in ( |1.5[ ), (|1.7| ) and in the following using 
the full metric g^M and its inverse g LM , but to lowest order the full metric can 
be replaced by the background metric ry^M when applied to perturbation fields (the 
non-tensor index (p) is shifted at will for notational convenience). It should be noted 
that the perturbations of the contravariant metric tensor take an opposite sign, the 
relation ( |1.2| ) becoming 

p 

In the following sections, the parton metric fields g{^ M ex.p(iS p ) will be identified with 

standard boson and fermion fields, the parton amplitudes <?jf2f ( x ) being represented 
in the general form 

& = P { lW (1-9) 

(p) 

where the first factor -P^M represents a constant polarization tensor and the second 
factor ip p = (p p (x) a mode amplitude function which satisfies the Klein-Gordon 



equation (1.6) to lowest (linear) approximation. 



A prototype Lagrangian 

The extension to the general nonlinear case is obtained by substituting the expression 
( p..S| ) into the gravitational Lagrangian (cf. Part [2]) and averaging over harmonic 
space. For suitably normalized cp p , one obtains then a Lagrangian of the general 
form 



2 p 



+ o X! KpqrVpPqVr + 7 X! Kpqrs ( Pp<Pq l PrPs + ' 
p,q,r p,q,r,s 



, (1.10) 



where a p = ±1 and K pqr , ■ ■ ■ denote (complex) coupling coefficients. The first term in 
the sum represents the Lagrangian associated with the linear Klein-Gordon equation, 
while the remaining terms represent the interactions, expanded in powers of the 

mode amplitudes. Negative indices have been introduced to denote the complex 

(—p) (p) 

conjugate terms <p- p = (p*, with k A = —kj[ , the summations extending over 
both index signs [32]. 

The coupling coefficients are symmetrical in the indices, satisfy the reality condi- 
tions K pqr = K*_ p _ q _ T , ■ ■ ■ and (since the gravitational Lagrangian is homogeneous of 
second degree in the derivatives) are quadratic in the wavenumber components (for 
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simplicity, physical spacetime derivatives d\ (p p are neglected in the coupling terms). 
Note that in contrast to the standard procedure in quantum field theory, the cou- 
pling coefficients are not postulated a priori, but follow from the basic gravitational 
Lagrangian and the assumed structure (|1.9|) of the parton solution. 

The diagonal form assumed for the quadratic free-field Lagrangian implies that 
different partons have different wavenumbers. In later specific applications to the 
gravitational Lagrangian, the sign a v will generally be positive, but it can in principle 
also be negative for a non-Euclidean background harmonic-space metric. 

The averaging of the Lagrangian over harmonic space implies that the coupling 
coefficients vanish unless the sum of the interacting wavenumbers is zero, 

K pq ... s = if k A + k q A + --- + k A ^0. (1.11) 

Variation of the Lagrangian with respect to (f- p yields the coupled field equations 

□ 2 - LJp) ip p = ^2 Kqr-ptfqVr + X! ^qrs-p t Pq c Pr < Ps H • (!- 12 ) 



a p (l 



q,r Q^jS 



The Lagrangian ( l.lOj ) and field equations 



itational Lagrangian and field equations 



1.12Q are equivalent to the original grav- 
Ll| ) if the set of all parton fields p is 



complete, i.e. if an arbitrary tensor amplitude function g£L of an arbitrary periodic 



metric field can be represented in the form (|1.S|). The field equations ( 1.12| ) rep- 



resent in this case a transformation of the original field equations from the tensor 

(p) 

components g[^j to the alternative set of base functions <p p . In practice, however, 
the parton fields will not form a complete set. In fact, an important characterisic of 
the metron solutions considered later in Parts [2] and || is that the parton constituents 
consist of only a discrete set of Fourier components, and that each individual parton 
has special polarization properties involving only a sub-set of metric tensor com- 



ponents. Thus the field equations (|1.12[) must be regarded as a strongly truncated 
version of the full gravitational field equations: they describe the interactions only 
between a particular sub-set of all possible metric field components, namely those 
associated with the partons of the metron solutions. 

Special solutions 

The simplest example of mode trapping occurs for the case of the quadratic in- 
teraction between a single mean field (po and a single periodic field (pi,(p-\ (with 
(f-i = ifl). The field equations ( |1.12| ) reduce in this case to the coupled equations 
(taking a p = 1) 

%i = 0, (1.13) 



V 2 + K 2 



where 
and 

with the coupling coefficient 



k 2 := uj 2 - Co 2 + e ■ LO 2 if (1.14) 
VVo = -eCo 2 | w | 2 , (1.15) 



e := -2iTio-iw" 2 . (1.16) 
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Equations (1.13) - (1.16[) are seen to have the right signature for self-sustained wave 



trapping, independent of the sign of the coupling coefficient e. For example, for the 
case of spherical symmetry, tpo^x) = </>o,i(?"), with r = \ x \, (po has the same sign 
as e for all r and has a maximum absolute value at r = 0. Thus if uj is chosen to lie 
in the interval 

w(l-e-(/? (0)) 1/2 <lo<6j, (1.17) 

k 2 will be positive (corresponding to an oscillatory behaviour of (pi ) in a finite 
region around r = and negative (corresponding to an exponential fall-off) for large 
r, as required for a trapped mode. 

For the spherically symmetric case, mutually consistent mean-field and trapped- 
wave solutions can be constructed for a prescribed value of Co by iteration. Given 
a mean field ip^ at the n'th iteration level, the associated wave field ip^ and 
eigenvalue u/ n ) for some given eigenmode (the lowest, say) is obtained by solving 
the wave equation ( |1.13[) , ( |1.14 ). The mean field <Pq + at the next iteration level 



+ 1 is then obtained by solving the Poisson equation ( 1.1 5| ) for given <Pi , and so 



(n) 

on. The amplitude of the eigenfunction p\ , which is not determined by the linear 



equation ( 1.13 ), can be fixed by specifying the physical scale of the wave guide, 
for example by requiring K ( n+ i) to cross zero at some given r = r$. The iteration 
procedure converges to a unique solution for a given eigenmode (cf. Fig jl.2| ). 

Other solutions with different values r' := tq/X of the zero-crossing point can be 
obtained by the scale transformation 

r := r/X (1.18) 
<Po,i '■= AVo,i ( L19 ) 
uj' 2 := uj 2 - X 2 (Cj 2 - L0 2 ^j , (1.20) 

where the values of A are restricted by the condition uj' 2 > to the interval 

< A < (l - cj 2 /^ 2 ) • (1-21) 

Thus for a given eigenmode order there exists a one-parameter family of solutions 
dependent on the nonlinearity scale parameter A. The upper limit of the interval 
( [1.21 ) corresponds to the strongest permissible nonlinearity, yielding a maximum 



mode amplitude, minimum zero-crossing point and zero frequency, while the linear 
case, with uj' = a), is recovered in the limit A — > 0, or r' Q — > oo. 

An extension of the analysis to include higher-order interactions and higher har- 
monics of the basic field p>\ modifies the solutions and nonlinear dispersion relation, 
but does not affect the basic one-parameter structure of the solution. 

The model can be readily generalized to an ensemble of trapped modes <p p ,(fq, (p r , 
where p,q,r, - ■ ■ denote combined indices representing different sub-parton compo- 
nents and different trapped-mode orders of a given trapped-mode branch, and/or a 
number of different mean fields (p a , cpj,, <p c , ■ ■ ■. If it is assumed that there exists no 
combination of indices p,q,r, - ■ ■ for which the coupling conditions 

k p A + k\ + k r A + • • • = (1.22) 
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a) 1st mode b) 3rd mode 
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Figure 1.2: Functions k 2 , ipo and ipi for first and third 
trapped- mode solution of equations (1.13|)-(|L1~6) 



are satisfied, the modes interact only through the mean fields, which they jointly 
generate. 

The coupled set of normal- mode and mean- field equations (1.13) - ( |1.16| ) becomes 
in this case (to lowest quadratic order, and ignoring again higher harmonics) 



where 



and 



with 



V 2 + k 2 p \ cp p = 0, 

+ E 

a 

V Va = ~Y. e «pVp \fp\ 2 



2 2*2 
K p := UJ p - UJ p 



tap <fa 



2 @pKp a —p ujp . 



(1.23) 
(1.24) 
(1.25) 
(1.26) 
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The solution can be constructed by iteration in the same way as in the single- 
mode case. For n modes, the solution depends in general on n free parameters (in 
addition to the n specified mode wavenumber vectors l? A ), which can be related as 
before to the mode nonlinearity parameters. 

A more appropriate model, however, is one in which the partons can interact 
directly, i.e. in which the resonance condition ( |l.22| ) is satisfied for certain parton 
sub-sets. This will be discussed in more detail (but without presenting solutions) in 
the context of the Standard Model in Part |4|. 



Periodic far fields 

The periodic trapped modes in the simplified models considered above were charac- 
terized by exponentially decreasing amplitudes for large distances from the particle 
kernel. However, the metron interpretation of classical wave- interference effects in 



particle experiments, discussed later in Sections 3.5 and 3.6, depends critically on 
the assumption that the metron solution contains also periodic far fields (de Broglie 
fields) which extend over distances large compared with the wavelength of the field 
and are thus able to produce resonant interference phenomena. This requires either 
that the exponential fall-off is very weak or that the fields are asymptotically free, 
i.e. fall off as 1/r for large r. We discuss both possibilities. Asymptotically free fields 
represent a relevant model for massless fermions (neutrinos), while for finite-mass 
particles a weak exponential fall-off appears to be a more appropriate description 
(cf. Parts | and |). 



Asymptotically free fields 

In the above models, asymptotically free wave fields appear only in the linear limit, 
in which the amplitudes tend to zero. (The mean field, in contrast, always decreases 
asymptotically as 1/r.) In fact, an asymptotic finite-amplitude 1/r behaviour in 
the trapped mode would lead to a divergence in the response of the mean field 
to the quadratic current term in eqs. ( |L15|) , ( |1.25 ). Although one can consider 



a suitable limiting process yielding a finite mean-field forcing in which the cubic 
coupling coefficient approaches zero as the trapped-mode solution approaches the 



free- wave limit (cf. Section 4.3), one can also obtain finite-amplitude trapped-mode 
solutions with asymptotic free-wave properties more directly by assuming that the 
lowest-order interaction term is of higher order than cubic. 

Consider, for example, the two-mode, fifth-order Lagrangian 

L((p ,(px,<p 2 ) = -^Vf V(po - - {Vv?-iV<£>i + (u\ - ujf} (p-x<pi (1-27) 

+ V</?-2V</>2 + (£>2 - w|)v3_2^2 - ei^iVi| Vo ~~ ^^ll^lVo} 

with coupling coefficients ex, 772- The (<po,(fi) interaction sector corresponds to the 
simplest model, eqs. ( 1.13; ) - ( |1.15| ), discussed above, while in the (tpo, ip?) interaction 



sector the cubic interaction term is replaced now by a fifth-order term. 
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The eigenmode equations for if\ are given by eqs. ( |1.13| ), ( |1.14| ), as before, while 
for (f2 the corresponding equations become 



V 2 + kI ip 2 = 0, 



(1.28) 



where 



K 2 :— 



ml - Col + 2 r\ 2 Co\ fo\if2 



(1.29) 



The mean field generated by the two modes is given again by a Poisson equation, 



If r/2 and ei have the same sign, the coupled system can support particular so- 
lutions in which if\ decreases exponentially for large r while f2 is given by the 
limiting trapped- mode solution 0J2 = uj 2 , which approaches the free- wave solution 
<f 2 exp(iuj2t)/r for large r. 

Weakly trapped modes 

The parameter A determining the degree of nonlinearity of the wave-guide mode 
solutions in the simple model discussed above could be chosen arbitrarily. However, 
if the model is extended to include higher-order interactions, the trapping strength 
can be determined by stability arguments. For a model containing both quadratic 
and cubic interactions, for example, the total energy of the coupled wave mode- 
wave guide system will generally be some non-monotonic function E(X). There will 
therefore exist some value A m for which E(X) is a minimum, which represents the 
most stable state. The value A m depends on the form and relative strengths of the 
coupling. Models can be readily constructed for which the nonlinearity parameter 
A m for the minimal energy solution can be made arbitrarily small. 

Solutions with very small but finite A are relevant for charged finite-mass parti- 
cles, for which the total charge of the particle is given by an integral over the square 
of the particle field. Extensive far fields must be postulated for these particles to 
produce the observed interference phenomena, but the integrals diverge at infinity 
if the fields are assumed to be asymptotically free in the limit A — > (cf. Parts H]3|) 

Open questions 

Although the general analysis outlined above illustrates the basic mechanism by 
which exponentially decreasing or asymptotically free-wave modes can be trapped 
in a self-generated wave-guide, a number of questions remain. 

The first concerns convergence. Are the higher-order coupling terms, beyond 
the lowest-order interactions considered here, finite, i.e. do the relevant interaction 
integrals converge? And if this is the case, does the resultant interaction series 
converge? 

A second question refers to stability. Are the trapped-mode solutions stable with 
respect to small perturbations, for example through far-field interactions with other 
particles? 



VVo = -eiio 2 \fi\ 2 - mul\if2 
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A third fundamental problem concerns the discreteness of the observed particle 
spectrum. The solutions found above represent a continuum containing an arbi- 
trary harmonic-space frequency uj and a free nonlinearity parameter for each trapped 
mode. To reduce the continuum to a discrete spectrum, additional considerations 
must be introduced. The problem is possibly related to the second question: sta- 
bility arguments could lead to the identification of a discrete sub-set of most stable 
(minimal-energy) solutions, into which all other solutions of the continuum would 
then drift under the influence of small external perturbations. This argument could 
explain also the existence of the particular solutions mentioned above containing 
asymptotically free or only very weakly trapped modes. 

A fourth, equally fundamental question concerns the uniqueness of the solutions. 
Even if it can be shown that the solutions are discrete, a given set of solutions 
is determined always only up to an arbitrary coordinate-scale factor. It must be 
shown that all coordinate-scale factors of otherwise identical particles are the same. 
This problem may again be related to the previous two: stable discrete particle 
states could arise through a collective self-organization mechanism. Suppose that the 
universe is indeed composed of only a finite number of particle types with identical 
coordinate scales. In this case the superposition of the oscillatory far-fields of all 
particles will produce a net oscillatory background metric field characterized by a 
finite set of discrete wavenumbers in harmonic space and discrete frequencies in 
time (the latter would be slightly Doppler broadened by random motions). If there 
existed now for some reason a particle from the available continuum of trapped-mode 
solutions which did not correspond to the assumed discrete spectrum, the state of the 
particle (nonlinearity parameters, frequency and harmonic wavenumber scale) would 
in general be free to drift under the influence of small external perturbation forces 
until it encountered a harmonic-space wavenumber and frequency corresponding to 
one of the discrete particles. At this point it would interact in resonance with the 
background field. This could produce a stabilizing force, causing the particle to 
lock into the background field, so that it would stop drifting and be converted to a 
member of the discrete spectrum. The mechanism is described in more detail in the 



context of particle-field interactions in Sections 3.5 and 3.6 



Alternatively, if a satisfactory explanation of the discreteness and uniqueness 
of the particle spectrum cannot be found, one could simply postulate - in analogy 
with string theory - that all solutions of the higher-dimensional gravity equations 
in our world exhibit given discrete periodicities with respect to the harmonic-space 
dimensions. 

At the present level of analysis, however, these considerations must remain spec- 
ulative. The open questions can be meaningfully addressed only within the context 
of a more detailed analysis of the trapped-mode solutions of the full n-dimensional 
gravitational equations, which is not attempted in the present paper. 
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ABSTRACT 



Following the presentation of the general properties of the metron model and 
the demonstration of the mode trapping mechanism responsible for the postulated 
existence of discrete soliton-type solutions (metrons) of the higher-dimensional Ein- 
stein vacuum equations in Part |], we turn in the second part of this four-part paper 
to the application of the metron concept to the Maxwell-Dirac-Einstein system. It 
is shown that the standard electromagnetic and fermion fields as well as the form 
of their lowest order coupling can be derived from the n-dimensional gravitational 
Lagrangian, assuming a four-dimensional extra- (harmonic-) space background metric 
and an appropriate geometrical structure of the metron solutions. Fermion fields are 
represented by harmonic-index metric field components which are periodic with re- 
spect to the electromagnetic coordinate x 5 of harmonic space, the wavenumber com- 
ponent k§ determining the electric charge. The electromagnetic field is described by 
a mixed-index metric field. The U(\) gauge invariance of the Maxwell-Dirac system 
is explained by the invariance of the n-dimensional Einstein equations with respect 
to coordinate translations in the x 5 direction. 

The metron model yields the basic universal physical constants of the Maxwell- 
Dirac-Einstein system (the gravitational constant, Planck's constant, the elementary 
charge) and the individual particle constants (mass, charge, spin) as properties of 
the metron solutions. The small ratio of gravitational to electromagnetic forces is 
explained by the fact that the gravitational forces represent a higher-order nonlinear 
property of the metron solutions. 

The application of the metron picture of the Maxwell-Dirac-Einstein system 
for the interpretation of specific quantum phenomena and paradoxes such as the 
EPR experiment, time-reversal symmetry and Bell's theorem, Bragg scattering and 
atomic spectra is described in Part S A generalization of the present analysis to 
include weak and strong interactions is presented in the metron interpretation of the 
Standard Model in Part g. 

Keywords: 

metron — unified theory — wave-particle duality — higher-dimensional gravity — solitons 
- Maxwell-Dirac-Einstein system — physical constants — action at a distance — force 
hierarchy 

RESUME 

Apres avoir presente dans la premiere partie de ce travail les proprietes generates 
du modele de metron et demontre le mecanisme de capture de modes responsable 
de l'existence postulee de solutions discretes de type soliton (dites metrons) des 
equations d'Einstein du vide a haute dimension, nous consacrons la deuxieme par- 
tie de ce travail a l'application du concept de metron au systeme de Maxwell - 
Dirac - Einstein. Nous demontrons, que les champs standards electromagnetiques et 
fermions ainsi que la forme de leur couplage a l'ordre inferieure peuvent etre derives 
du Lagrangien de gravitation a n dimensions etant donnee une metrique de fond de 
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l'espace harmonique a quatre dimensions et une structure geometrique appropriee 
des solutions de metron. Les champs de fermions sont representes par les com- 
posantes de champs metriques a indice harmonique, ces derniers etant periodiques 
concernant la coordonnee electromagnetique x 5 de l'espace harmonique, la com- 
posante k$ du vecteur d'onde determinant la charge electrique. Le champ electro- 
magnetique est decrit par un champ metrique a indices mixtes. L'invariance de 
jauge U(l) du systeme de Maxwell - Dirac s'explique par l'invariance des equations 
d'Einstein en n dimensions par translations de coordonnees en direction x 5 . 

A partir du modele de metron on obtient les constantes de physique universelles 
du systeme de Maxwell - Dirac - Einstein (la constante de gravitation, la constante 
de Planck, la charge elementaire) ainsi que les constantes de particules (masse, 
charge, spin) en tant que proprietes des solutions de metron. L'infime rapport entre 
forces gravitationnelles et forces electromagnetiques provient du fait, que les forces 
gravitationnelles sont des proprietes d'ordre superieur non-lineaire des solutions de 
metron. 

La troixieme partie de ce travail va demontrer l'application du point de vue de 
metron du systeme de Maxwell - Dirac - Einstein a Interpretation des phenomenes 
quantiques specifiques et des paradoxes tels que celui de Pexperience d'EPR, celui de 
la symetrie d'inversion temporclle rattache au theoreme de Bell et enfin le paradoxe 
de la retrodiffusion de Bragg rattache aux spectres atomiques. Une generalisation 
de cette analyse, ayant pour but d'inclure les forces fortes et les forces faibles sera 
presentee dans le contexte de interpretation de metron du modele standard dans 
la quatrieme partie. 

Mots cles: 

metron — theorie unifiee — dualite onde-corpuscule — theorie de gravitation a haute di- 
mension — solitons — systeme de Maxwell-Dirac-Einstein — constantes de physique - 
action a distance — hierarchie des forces 
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2.1 Introduction 



In the first Part of this four-part paper we outlined the general structure of a unified 
deterministic theory of fields and particles based on the postulated existence of 
soliton-type trapped-mode metron solutions of the n-dimensional vacuum Einstein 
equations. The trapping mechanism was illustrated by numerical computations of 
metron-type solutions for a simplified prototype Lagrangian exhibiting the same 
nonlinear structure as the gravitational Lagrangian without its tensor complexities. 
Having established that such nonlinear systems can support trapped-mode solutions, 
we turn now in the remaining three parts of this paper to more specific implications 
of the model. In Part |2| we consider first the mapping of the metron solutions of 
the gravitational equations onto the Maxwell-Dirac-Einstein system. The resulting 
metron model of electromagnetic interactions sets the stage for a general discussion 
of quantum phenomena in Part |3[ In Part ^, finally, the analysis is extended to 
include weak and strong interactions in the development of the metron picture of 
the Standard Model. 

The analysis in the present part is organized in three sections. First, the fermion 
and boson fields of quantum field theory are identified with specific (to lowest or- 
der, linear wave) solutions of the n-dimensional gravitational equations (Section 
|2.2|) . Subsequently, the standard electromagnetic-Dirac coupling terms are derived 
from the gravitational Lagrangian, assuming a suitable harmonic-space background 
metric with dimension of at least four (Sections |2.3| , |2,4| ). The analysis in these 
sections is limited to weakly nonlinear field-field interactions outside the particle- 
core regions. As third step we consider then the interactions between far fields and 
the particle-core regions (Section |2.5|) . This yields the integral particle properties, 
i.e. the gravitational and electromagnetic forces produced by the particle mass and 
charge, and the associated basic physical constants. 

In the extension of the analysis to weak and strong interactions later in Part ^j, it 
will be shown that the nonlinear gravitational equations reproduce the general struc- 
ture (but with differences in detail) of all known field-field interactions of quantum 
field theory, assuming an appropriate geometrical configuration of the trapped-mode 
metron solutions. Our analysis is nevertheless incomplete in one essential aspect: 
the link between local field-field interactions and interactions at a distance, which 
are governed by the integral particle properties, must be closed by computations 
of the postulated trapped-mode solutions. As mentioned previously, however, this 
must await a later investigation. 



2.2 Identification of fields 



Some general features of metron solutions were summarized already in Section 1.4. 
In order to establish now the relation between the n- dimensional gravitational 
field equations (|1.1| ) and the standard quantum field equations, further assump- 
tions regarding the geometrical structure of the metron solutions are needed. These 
will be introduced following a general 'inverse metron modelling' approach which 
will be adopted throughout this paper. It is assumed that metron solutions ex- 
ist. General properties of the solutions are then inferred from the requirement that 
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the n-dimensional gravitational field equations can be mapped into the usual field 
equations of quantum field theory. The existence of the postulated solutions, in 



accordance with the mode-trapping mechanism described in Section 1.4, must, of 
course, be subsequently demonstrated. 

Parton fields were defined in eq.( |1.2| ) as deviations with respect to the flat back- 
ground metric t/lm [§]• It will be shown below, and expanded further in the dis- 
cussion of the Standard Model in Part |], that to reproduce the basic interactions 
of quantum field theory, rj^M must be an at least eight-, possibly nine-dimensional 
metric of the form (in natural coordinates, with c = 1) 

r ?LM = diag(l,l,l,-l,...,±l,...), (2.1) 

where the first four dimensions refer to physical spacetime, periodicities with respect 
to the fifth and sixth dimensions are associated with the electrodynamic and weak 
interactions, respectively, the seventh and possibly eighth dimension represent the 
strong-interaction (color) space and the last (eighth or nineth) dimension is needed, 
together with the other harmonic-space dimensions, to relate the harmonic-space 
components of the metric tensor to the spinor components of the fermion fields. 

To avoid the possible existence of particles or signals propagating in physical 
space-time at speeds greater than the speed of light, a background metric with posi- 
tive harmonic-space components would be desirable. Also, to ensure that the signal 
emitted by an n-dimensional <5-function pulse propagates on the surface of an ex- 
panding (n — 1)- dimensional sphere in physical-plus-harmonic space, without also 
filling out the interior of the sphere, (n — 1) should be an odd dimension |^]. These 
considerations would favor an eight-dimensional space with a single time-like coor- 
dinate. However, it is not clear whether the argument that the general solutions of 
the n-dimensional gravitational equations should have analogous properties to the 
solutions in physical spacetime are relevant for the situation which we envisage: we 
assume (for reasons which still have to be justified) that in practice only the peri- 
odic metron solutions, which have no structure - apart from their periodicity - in 
harmonic space, prevail in the real world. We are therefore concerned with signal 
propagation only in the four-dimensional sub-space representing physical spacetime. 
At this stage we will accordingly consider all background metrics as equally accept- 
able, judging different forms only on the basis of their ability to reproduce the known 
phenomena of particle physics for suitably structured metron solutions. 

In the present and immediately following sections, only the first five (original 
Kaluza-Klein) dimensions describing gravitational and electromagnetic forces will be 
considered in detail. However, the full harmonic space must still be invoked to relate 
the fermion fields to the harmonic-index metric field components. We summarize in 
the following some general properties of the postulated metron solutions and identify 
the various classes of fields which will be encountered, although details will often 
not be needed until we extend the analysis later to the metron interpretation of the 
Standard Model in Part g. 

The set of parton wavenumbers k p = (k^ ) in harmonic space associated 
with a given metron solution consists of a finite set of fundamental wavenumbers 
ik 1 , . . . , ± k-^ (negative wavenumbers are associated with the complex conjugate 
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fields) and their higher harmonics 



k p = n^k 1 + . . . + n pf k f , (2.2) 

where n ra = 0, ±1, ±2, .... From the invariance of the gravitational equations ( |1.1[) 
with respect to reflections in any coordinate direction, it follows that for any metron 
solution m a change in sign of all the parton harmonic wavenumber components, 
— > — also yields a solution. This will be identified with the anti-particle m. 

The transformation, corresponding to the charge conjugation transformation C of 

(p) (p) 

quantum field theory, should be distinguished from a sign change k)j[ — ► — k)j[ ac ~ 
companied by a simultaneous transformation to the complex conjugate amplitudes, 
9l!m ~ *■ 3lmi which yields, of course, the same particle (eq.( |1.3| )). Equivalently, the 
anti-particle can be defined by the transformation to the complex conjugate par- 
ton amplitudes, gj^f — > gf]^, without a sign change in the wavenumber. It will 
be assumed that the metron solutions are invariant with respect to a change in 
sign of all coordinates, gj*^)(X) = g^j(-X) (CPT transformation). In this case a 
third equivalent definition of the anti-particle is the solution obtained by changing 
the signs of only the physical spacetime coordinates, gj^(x,x) = x,x) (PT 

transformation) . 

In the metron restframe, the parton amplitudes, eq. (|1.3| ), are either independent 
of time t = x 4 or periodic in t, 

5S/(x)=5S/(x)exp(-^). (2.3) 

The frequency lo p will be identified in the next section with the parton mass. 

(p) 

It will be assumed that the perturbation fields g^L satisfy the gauge condition 
- which is always possible through suitable choice of coordinates - 



d L hf M = 0, (2.4) 

where 

h ( flr-=&-^LM 9 { p N - (2-5) 
The fields h^L and associated amplitude functions h^fh also satisfy the wave and 



"LM allK± Qooul ' larcu ampiiuuuc luii^iwuo ,„ LM 

Klein-Gordon equations (|1.5|), (1.6), respectively, in the linear approximation. 



In the linear case, the 'harmonic' mass u) p appearing in the Klein-Gordon equa- 
tio n Ql.6| ) is equal to the gravitational mass uj p defined by the time-dependent factor 
in (|2.3| ). However, in the general nonlinear case the two masses will differ (cf. Sec- 
tion [Til ). 

In order to map the n-dimensional gravitational fields into the standard quantum- 



theoretical fields, the following field identifications are now made (see also table 2.1, 
which lists the polarization relations for the various fields discussed below): 

• spacetime metric components g\^: classical gravitational field 

• mixed spacetime-harmonic space metric components g\A'- boson fields 

• harmonic-space metric components gAB- fermion and scalar fields 
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physical spacetime 


harmonic space 


physical spacetime 


gravity: g Xfl 


bosons o: tj\a + B\ a a 


harmonic space 


bosons b: t]a\ + 


fermions /: rj AB + P^^a 
scalars s: tjab + Pab^^ 



Table 2.1: metric forms for gravitational, vector boson, fermion and scalar fields 



The mappings apply only one-way: the standard classical and quantum theoretical 
fields on the right hand side are represented in the metron model by metric fields 
of the indicated index types, but all components of the n-dimensional metric field 
tensor cannot in general be related to the standard quantum theoretical fields. In 
fact it will be argued later that the fields appearing in the Standard Model represent 
only an approximation of the full set of interacting fields in the metron model. 

The fields g\^ corresponding to classical gravitational fields are assumed to be 
independent of the harmonic space coordinates. Ignoring for the present the inter- 
actions of these fields with other metric fields, one recovers then trivially for the 



gravitational fields not only the linearized equations (1^3), but also the fully nonlin- 
ear classical (matter free) gravitational equations. To avoid confusion in terminology, 
the term gravitational field will be restricted in the following to the classical grav- 
itational field in four-dimensional spacetime, while the corresponding tensor field 
in full space will be referred to as the metric field or, occasionally, the full-space 
gravitational field. 

Bosons can be either oscillatory or non-oscillatory, i.e. have finite or zero mass. 
We will be concerned here in Part |2| only with the zero-mass boson field representing 
the electromagnetic four potential A\. The associated metric field will be shown to 
be of the form 

9aI = 9 ( xa =■ (2.6) 

where a = (oa) is a constant vector of length \a\ := (a^fl' 4 ) 1 '' 2 which we take to define 
the x 5 direction. The normalization of A\, i.e the value of \a\, will be chosen later 



in Section |2.5| such that the metron Lagrangian reproduces the classical free-field 
electromagnetic Lagrangian. 

It will be shown later in Part |4] that vector bosons can be represented 
generally in the metron model in a form analogous to (|2.6|) , in which the mixed- 
index metric components are factorized in the form g^l = a? I?!! (see table 



The Klein-Gordon equation ( |1.6| ) reduces for A\ to the wave equation 

nA x = (2.7) 



and the general metric gauge condition ( |2.4D becomes the standard Lorentz gauge 
condition 

d x A x = 0. (2.8) 
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Metric field components associated with complex scalar fields (f>^ (required later in 
Part H to represent the Higgs field) have the general form 

9^1 = P { a^ {s \ (2-9) 
where, in the linear approximation, satisfies the Klein-Gordon equation 

(□- £f s) ) = (2.10) 

(s) 

and P\b * s a constant polarization tensor. 

( f) 

Similarly, metric fields g^ B representing four-spinor fermion fields 
ijj(f) := (iptjP , ■ ■ • ip^j are given by 

til =■■ P ( A f M f \ (2.H) 

where pjg a is again a constant polarization tensor and ^ satisfies the Klein- 
Gordon equation 

(□ - Ctffl) ip U) = 0. (2.12) 

For harmonic-space metric fields associated with scalar or fermion fields, 
the physical spacetime components of the gauge condition ( |2.4j) yield d^h^ = 

— ^dAf] AX gf p )B = ® X 9{p)B = 0> or ' assuming that the fields vanish for infinite x, the 
trace condition 

9( P )A = 0. (2.13) 

Thus 

h% = 9 il (2.14) 
and the remaining harmonic-index components of the gauge condition become 

k A gf p f = 0. (2.15) 

The Klein-Gordon operator acting on a four-spinor ip (dropping now the parton 
index (/)) can be factorized into the product of two Dirac operators with positive 
and negative frequencies: 

(□ - u 2 ) if, = (d A7 A + Cj)(8^ - = 0, (2.16) 

where the Dirac matrices 7 A satisfy the anti-commutation relations 

7 V + 7 M 7 A = 2r/ v (2.17) 

and Hermiticity relations 

y = (V)\ 7 4 = -( 7 4 )\ (2.i8) 

The general solution of ( 2,16j ) may be represented as a superposition 

iP = i/j+ + i/j- (2.19) 
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of the solutions ip + , ip of the two Dirac equations || 

(9 A7 A +^)V + = (2.20) 
(5 A7 A -w)^- = 0. (2.21) 

The frequency u will be defined generally as the positive root of ( |1.7| ). How- 
ever, we introduce the convention that under a charge conjugation transformation 
C (change in sign of the harmonic wavenumber), oj also changes sign. From the def- 
inition of an anti-particle given above (reflection of the harmonic-space or physical 
spacetime coordinates) it follows then that the anti-particle of a field ip + represents 
a field ip~, and vice versa. It will be assumed that metrons contain only one of the 
two branches (taken in the following to be ip + ) for any given parton component. 

We point out in conclusion that the Dirac equations fl2.20| ), ( |2.21D , in contrast to 
the original field equations (|1 . 1| ) , are not invariant with respect to diffeomorphisms 
(if we wish to maintain the basic 7-matrix relations ( p.!7| ) with invariant rjx^). 
Rather than generalizing the Dirac equations to an arbitrary metric Q we will simply 
restrict the representation of the spinor fields and 7 matrices, when considering 
coordinate transformations later in n-dimensional space, always to a local frame 
with background metric t]ab- 



2.3 Lagrangians 

To describe interactions between the fields identified in the previous sub-section, we 
must consider now the n-dimensional gravitational Lagrangian. Details are given 
here only for interactions between fermions and electromagnetic and gravitational 
fields; electroweak and strong interactions are considered later in Part |I[ 

The gravitational field equations (|0]) can be derived from the variational prin- 
ciple 

8 J \g n \ l ' 2 Rd n X = 0, (2.22) 

where g n is the determinant of the metric tensor in n-dimensional space and R = R\ 
is the scalar curvature, formed by contraction of the Ricci curvature tensor 

Rlm = 9m^ln ~ ^n^lm + Plm, (2.23) 

where 

Plm = ^lo r ?fjv ~ ^lm ^no (2.24) 
and the connection (Christoffel symbol) is given by 

t mn '■= 2 9 L ° [9m90N + d N g M - 9o9mn\ ■ (2.25) 

In place of the general curvature invariant R, it is often more convenient to use 
as Lagrangian density L the equivalent homogeneous affine-scalar form 

P = 9 LM Plm, (2.26) 
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which contains only first derivatives and differs from R only through a divergence 
term. Multiplying out the Christoffel symbols in ( [2.24 ), this may be written as 



L = P = \ [Pi - 2P 2 - P 3 + 2P 4 ] 



(2.27) 



where 




dig no d M gpQ 

o.j'O J 9 gLM d Q g NP 

dpgLN d Q g M o 

dpgLN doguQ 



g g g 



> . 



(2.28) 



Note that, since the products ( 2.28] ) contain both covariant and contravariant fields, 
the perturbation expansion of the Lagrangian ( 2.27j ) with respect to individual par- 



ton fields gf) M (eqs. (|1.2|),(|L8|)) yields an infinite series of interaction terms. 

As all fields are assumed to be periodic with respect to the harmonic-space 
coordinates, the Lagrangian density L can be replaced in the action integral ( p. 22 ) 
by the harmonic-space integrated Lagrangian density L, defined by 



,V2 



\g n \ 1/2 Ld n ~\ 



(2.29) 



which depends on the harmonic-space wavenumber components but is otherwise in- 
dependent of the harmonic coordinates x. The integration over full space in the 



action integral ( 2.22 ) can then be restricted to the integration over physical space- 
time. Unless otherwise stated, all Lagrangians in the following will be regarded as 
harmonic-space averages in this sense, and the overbar will be dropped. 

Writing ( |2.27| ) in the abbreviated form L = [g"g 44 g"d.g..d.g..], the free-field La- 
grangian of the linearized gravitational field equations is given by 

L = [rrrrrrd.g..d.g..] , (2.30) 

which yields explicitly || 

Lo = \ [-9N9LM d N g LM + \d N g L L 9% A f} . (2.31) 



For the electromagnetic field, as defined by eq.( |2.6| ), eq.( p.31[) yields the free-field 
Lagrangian 



t em 
L 



where 



■= d x A» - d»A x . 



(2.32) 



(2.33) 



condition ( 2.13 ), to 



For a fermion field, the free-field Lagrangian ( |2,3l| ) reduces, applying the zero-trace 

4 = ~\ ^f/f + a?$SST#?} • (2-34) 
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Substit uting the general spinor form ( p.ll| ), this becomes (dropping the index /) 



L 



~ (r) Xfi d x r a d^ b + 0J 2 r a ^) M ab , (2.35) 



where the matrix 

M ab := (P% B )* P bAB (2.36) 

will be termed the spinor metric. 

It is shown below that the spinor metric can be transformed, through an appro- 
priate choice of the fields ip a , to a matrix proportional either to i^/ 4 , if the harmonic- 
space background metric is non-Euclidean, or to /, if the metric is Euclidean. In 



either case, the Lagrangian (2.35), in which the derivatives of the spinor field ap- 
pear quadratically, can be reduced to the standard Dirac Lagrangian, in which the 
derivatives occur only linearly Q. 

A necessary condition, however, is that the dimension m of harmonic space must 
be at least four. The four-component complex spinor field must be related, through 
( p. lip , to a set of complex amplitudes of the periodic harmonic-space components of 
the metric field. These consist at most of m(m+l)/2 independent terms. The metric 



field components must satisfy also the trace condition (2.13) and the m divergence 
conditions ( |2.15| ). This leaves l(m) := (m+l)(m— 2)/2 independent harmonic-index 
metric components. With 1(3) = 2, 1(4) = 5, it follows that m > 4. For the minimal 



case m = 4 we shall present polarization relations ( 2.11 ) which satisfy the divergence 
and trace conditions. 

Non-Euclidean tjab 

We consider first the case that, through a suitable choice of the polarization tensor, 
we can set 

i7 4 1 

M = = — diag (1, 1, —1, —1) (in the Dirac representation). (2.37) 

LO LO 

This implies that t]ab cannot be a positive or negative Euclidean metric, since, 
according to ( |2,36j ), this would yield a positive definite spinor metric M. 
For the spinor metric ( 2.37 ), the Lagrangian (|2.35j ) becomes 



Lq = ~(2uj)- 1 (p^dxtid^ + Cj 2 ^) , (2.38) 



where if) = iif>*j 4 denotes the conjugate spinor. Equation ( [2.38 ) can be factorized, 
discarding an irrelevant divergence term 

in the form 

4 = -(2d))-\dxi)7 X + WH-fW + ui/)). (2.39) 

Considering only the positive-branch solution, if) = if) + , this may then be written, 
noting that if) + satisfies the conjugate Dirac equation 

<9aV> + 7 A - ^ + = 0, (2.40) 
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in the standard form 



(2.41) 



Generally, it is not permitted, of course, to substitute relations valid only for a par- 
ticular class of solutions into a Lagrangian. Doing so implies that we may seek only 
variational solutions of the Lagrangian which belong to that particular class. In 
the present case, the substitution of the positive-branch solution for the conjugate 
spinor field into the Lagrangian ( p. 39 ) has the effect of automatically filtering out 
the negative-branch solution: the Lagrangian ( |2.4l| ) yields only the positive-branch 
free-field Dirac equation ( 2.20 ). All variational solutions of fl2.41 ) are automatically 
variational solutions of the original fermion sector ( 2.39| ) of the gravitational La- 
grangian, but the converse obviously does not hold. Our approach must be justified 
ultimately by the structure of the metron solutions. It is assumed that the fermion 
fields occur always as pure positive- or negative-Dirac-branch components, the com- 
ponents of the opposite branch appearing in the corresponding anti-particles. 

In contrast to the original Lagrangian ( |2.38D , the Dirac Lagrangian ( 2.41 ) is in 
general no longer real (because the divergence term, which was discarded in deriving 
the factorized form (|2.39[) , was not real) . Although this is immaterial for interactions 
involving only a single fermion field, for multiple-fermion interactions considered in 
the discussion of the Standard Model later in Part |4], we shall require the real versions 
of eqs. (^T39|) , (|2T4ll) , which are given here for future reference: 



L, 



f 



■ -Jr { (<9a^7 A + W) + <W0 + (d\4>l X - &$) (7^ - } (2-42) 



(general case of both positive- and negative-branch solutions) , or 

4 = -\ ( 7 A £W+ + - (c^V - cD<A+) V + } (2.43) 

(positive-branch solution only). 

We turn now to the conditions that the (non-Euclidean) harmonic space back- 
ground metric tjab and polarization matrix P% B must satisfy in order to yield a 
spinor metric of the form ( 2.37 ). For the minimal dimension m = 4, a specific 
solution can be readily given for a harmonic-space background metric [pi 



T] AB = diag(l, 1,1,-1) 



(2.44) 



Assuming a finite particle mass, kAk A > 0, so that we can set, through a suit- 
able harmonic-space Lorentz transformation, k= (k$, 0,0,0), the following choice of 
polarization matrices is readily seen to satisfy ( 2.37|) , together with the trace and 
divergence conditions ( 2.13j ) and ( |2.15| ): 



(V2o0 










V>3 



o 

1p4 





^3 





/ 



(2.45) 



We shall refer to the harmonic metric ( 2.44j ) with associated polarization tensor 
( [2.45 ) as the minimal model (+3, —1) ||. 
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We note that all terms involving the first harmonic index vanish in the expression 
(EL451) . Thus the sign of the background metric for this index is irrelevant, and 



the solution ( 2.45| ) can be applied equally well for the background harmonic-space 



metric t\ab = diag(— 1, 1, 1, —1). In this case the square harmonic mass k A k A < 0. 
However, a similar solution can be given also for the case k A k > 0, for example for 
the wavenumber vector k= (0, &7,0, 0) by an interchange 1^2 and 3 <-> 4 of the 
harmonic indices in ( 2.45| ). 



Noting furthermore that the definition ( 2.36| ) for M ab is independent of the sign 



of the background metric t\ab , it follows then generally that a spinor representation 
of the harmonic-space metric field with a spinor metric M ab proportional to ij 4 can 
be defined for any background harmonic metric of mixed sign. However, it will be 
shown in Section that to obtain the right sign for the electromagnetic forces (like 
charges repell) we must have 7755 = 1. To simplify the discussion, we shall consider 
later as prototype minimal non-Euclidean model only the model (+3, —1). 

The polarization relations ( 2.45| ) have the shortcoming that they cannot be ap- 



plied to a fermion field with zero harmonic mass: the normalization factor ap- 
proaches infinity as the mass uj approaches zero. This difficulty does not arise in the 
following model for a Euclidean background metric. 

Euclidean t\ab 

For a background harmonic metric t]ab = ± diag(l, 1, 1, 1), an alternative mini- 
mal fermion model (±4) can be constructed which also yields the standard Dirac 
Lagrangian. However, it will be found necessary in this case to restrict the gravita- 
tional solutions to lie not only on the positive Dirac branch, but also to have only 
positive or negative frequency . We shall apply this model later in Part || for the 
description of leptons in the Standard Model, as, in contrast to the non-Euclidean 
model, it is applicable for particles of both finite and zero mass. 

For the following it is convenient to change to the 7-matrix representation 

T ) • *•-(£;)■ ^sw^ (-;:), ,,4 6 > 

where o\ = ^ !j* * ^ , cr 2 = ^ ? ^ \ , 03 = ^ J ^ are the Pauli ma- 
trices. In this representation the decomposition of the four-spinor into right- and 
left-handed spinors, tp = tp R + ip L , where 

<P R := (1-75KV2 

^ L := (1+75)^/2 (2.47) 



separates the four spinor into right- and left-handed two-spinors ip L , ip R 



= ( ^ V ^= ,% ) and V = I \.l ! • (2. is, 
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The Lagrangian ( p. 43 ) for (positive Dirac branch) fermions, which may be expressed 
in terms of the right- and left-handed four-spinor fields in the form 



L 



f 



then becomes, written in terms of the left- and right-handed two-spinors, 



(2.49) 



L. 



i 
i 

+ 2 



ip L * (a% - d t ) <p L - (e^V - 



R * (a% + d t 



't V 



R 



aw**** + 



+Cj (<p R *<p L + <p L * V R 



(2.50) 



The Dirac equation reduces in this representation to a pair of left- and right- 
handed Weyl equations, with a coupling term proportional to the mass: 



(a% + d t )y R 
(a% - d t )y L 



lUJtf 



R 



(2.51) 
(2.52) 



These standard Dirac relations can be recovered from the gravitational La- 
grangian if the fermion polarization relations yield a spinor metric 



M = I/E, 



(2.53) 

&4. We assume that 



where I denotes the unit matrix and the 'energy' E = k 4 ■ 
E is positive. 

In the previous non-Euclidean case, the Dirac Lagrangian was obtained from the 
gravitational Lagrangian by factorizing the Klein-Gordon operator into positive- 
and negative-branch Dirac operators. The negative-branch solutions were then sup- 
pressed by replacing the negative-branch Dirac operator by a derivative-free term 
proportional to the mass, making use of the property that the solutions satisfy the 
positive-branch Dirac equation. This approach fails in the massless limit because 
the mass factor vanishes. However, a modification of this technique can be applied 
in which the wave operator rather than the Klein-Gordon operator is factorized. 

Noting that for a two-spinor ip the wave operator may be written 



d x d x <p = (a'Oi + d t )(a j dj - dt)<p = o, 



(2.54) 



the Lagrangian ( 2.35 ) may be similarly factorized in the form 



1 

Ie 



(pup"*,,* + d tV R *) (^dj<p R - d-, 



+ (di</V + d t ip L *) (aidj(p L - d t v L ) + c.c. 



~R*,„R 



(2.55) 
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The expression ( |2.55| ), which is quadratic in the first derivatives, can be reduced 
to the standard Dirac form ( 2.50Q of the fermion Lagrangian, in which the first 
derivatives appear only linearly, by suppressing all solutions except those which lie 
on the positive Dirac branch and furthermore have positive energy. This can be 
achieved by invoking the relations ( |2.51| ), ( |2.52| ) to replace the following derivative 
expressions by their equivalent non-derivative expressions on the right-hand sides: 



(a% - d t )y R 

{a l di + d t )tp L 



i [ujip L + 2Etp R 
-i (uj<p R + 2EIP 1 



(2.56) 
(2.57) 



A polarization tensor which yields the desired relation ( |2.53| ) while satisfying 
the trace and gauge conditions ( |2. 13 ), ( 2.1 5| ) for a fermion field with an harmonic 
wavenumber vector k = (k$, 0,0,0) is given, for example, by 



PAB^a 



'IE 



( 



iff 

V <p? 





<P1 

<P2 



\ 



(2.58) 



In contrast to the polarization tensor ( p. 45 ) for the non-Euclidean case, the 
polarization tensor ( p. 58 ) remains finite in the limit of zero mass. 

The above derivation can be applied similarly to the negative-energy solutions 
of the Dirac equation, the normalization factor l/y/2E in (|2.5£ 



being replaced in 

this case by l/\/—2E. One obtains again the standard Dirac Lagrangian ( 2.50| ), but 
with an opposite sign. The sign change is immaterial for the Dirac equation itself, 
but when interactions between fermions and bosons are considered, the fermion cur- 
rents appearing as source terms in the boson field equations enter with an opposite 
sign. For simplicity, we will restrict the discussion throughout to the positive-energy 
solutions. 

For the derivation of the Maxwell-Dirac-Einstein equations considered in this 
and the following sections, the above minimal models are adequate. In the later ap- 
plication of the metron model to weak and strong interactions in Part [|, however, it 
will be found that a closer correspondence with the Standard Model can be achieved 
(and the analysis can be simplified) if an additional dimension is introduced. For 
the present discussion of the Maxwell-Dirac-Einstein system, the detailed form of 
the polarization tensor is in fact immaterial. We need to know only that there exists 
a representation which yields the Dirac equation in the linear approximation, and 
we will not need to refer to the expressions ( [2.45 ) or (2.58) again until we consider 
the general structure of the metron solutions in the context of the Standard Model 
in Part 0. 



2.4 The Maxwell-Dirac-Einstein Lagrangian 

The interaction Lagrangians L( m and U g describing the lowest order coupling of 
fermion fields to electromagnetic and gravitational fields, respectively, are obtained 
by substituting the forms (2J3) and ( 2.1l| ) for electromagnetic and fermion fields, 



49 



respectively, into the gravitational Lagrangian ( |2.27j ) and collecting the relevant 
cubic interaction terms of the required structure (t/jAip) and (ipg 9rav 'ip) (with two 
appropriately distributed derivatives). Noting that the derivatives act only on the 
perturbation fields, this involves, in effect, replacing in turn each of the three rj" 
factors occurring in the linearized Lagrangian ( 2.30| ) by a perturbation field and 



considering then all possible permutations of the perturbation fields in the resultant 
cubic interaction expression. 

The interaction Lagrangian can be derived, however, in a simpler and more illu- 
minating manner by invoking the invariance of the Lagrangian L = P with respect 
to affine coordinate transformations. We present the derivation in the following only 
for electromagnetic interactions. The gravitational case can be treated in the same 
way, but will be considered in a more general framework in the following section. 



It can be seen first by inspection of ( 2.28| ), invoking the gauge and trace con- 



ditions, that interactions containing derivatives of the electromagnetic field vanish. 
The remaining interactions involving the electromagnetic field itself can then be de- 
termined by carrying out an affine transformation from the original coordinate sys- 
tem X to a local coordinate system X' in which the electromagnetic field vanishes at 
some prescribed physical spacetime point x, say x = 0. (This is the electromagnetic 
equivalent of removing the gravitational forces by transforming to a local inertial 
system.) The interaction Lagrangian then also vanishes at x = 0, the Lagrangian 
reducing to the free- field form in which the fermion component is given by ( p. 41 ) 



(assuming a pure positive-branch spinor field ip = the index + will be dropped 
in the following). The fermion-electromagnetic interaction Lagrangian in the origi- 
nal coordinate system can then be recovered by transforming from the local system 
back to the original system. 

The required transformation is 

X 'A = x A + £ A x x 

e = £\ (2.59) 



where (cf.eq. fl2.6D ) 

^■■={ 9 [ a)A } x=0 = a A {A x } x=0 . (2.60) 

In transforming back to the original coordinates X, the free-field Lagrangian 
for the electromagnetic field is, of course, recovered unchanged. However, the affine 
back-transformation ( 2.5S| ),( p.60| ) is not applied to the free- fermion Lagrangian, since 



this would involve transforming not only the tensor components g^B °f t ne fermion 
field, but also the 7 matrices and the square harmonic mass term Co' 2 = k' A k' A . 
As pointed out at the end of the previous section, this would destroy the basic 
structure of the Dirac equation, which is invariant only with respect to Lorentz 
transformations, not with respect to the present affine transformation. 

Thus we define the spinor fields ip at each point in space, in accordance with 
the form ( |2.11| ), in terms of the fermion components g'j^g of the metric tensor in 
the local frame with vanishing electromagnetic field. The resultant fields ip are then 
regarded as functions of the original physical spacetime coordinates x. 

Adopting this definition, the fermion Lagrangian in the presence of an electro- 
magnetic field is obtained by simply replacing the local-frame derivative &^ in the 
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local free-fermion Lagrangian (2.41) by the derivative with respect to the original 
coordinates, d\, 

d'x = d x - i\d A , (2.61) 
or, applying ( |2.60 ) and introducing the usual covariant derivative notation D\ for 

D x := d x - ie'A x , (2.62) 



where the electromagnetic coupling constant is given by 



e' := k A a A = k 5 \a\ (2.63) 



and &5 is the electromagnetic component of the harmonic wavenumber vector k of 
the fermion field. 

The covariant derivative D\ is seen to be identical in form to the covariant deriva- 
tive of the QED U(l) gauge group, yielding the standard fermion-electromagnetic 
interaction Lagrangian 

LL = f \, (2-64) 

with 

f ■= i e ' 7^ -0) • (2.65) 

To within a calibration factor, the coupling constant e' can be identified with 
the elementary charge e. The calibration factor depends on the normalization of the 
Dirac fields, which is different in the metron model and in standard QED. It will be 
determined in the following section. 

The gauge invariance of the QED Lagrangian can now be readily recognized as 
the invariance of the gravitational Lagrangian with respect to a particular class of 
coordinate transformations. Consider an infinitesimal translation in the harmonic- 
space direction a A of the electromagnetic field, 

x A = x A -i(x)a A 

x x = x x , (2.66) 

where the infinitesimal displacement factor £(cc) depends on physical spacetime only. 
The associated transformation of the metric tensor 

g LM ^ -LM ( ^ } = dN± L do± M g NO (x) {2m) 

yields for the periodic harmonic-space tensor components of the fermion fields, for 
which 8ax b = 6 B , simply a phase shift, 

g${X) = g$(X) = g${x) exp { i k A x A + i k A a A {\ , (2.68) 

so that the spinor field transforms as 

ip(x) = tp(x) exp(^e') (2.69) 
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The transformation for the mixed tensor components representing the electro- 
magnetic field yields, to linear order in the deviations from the reference metric r\ LM 

(cf.Q), 

9$(x)=g$(x) + r l ^a A d^. (2.70) 
Thus the electromagnetic field (eq.([2.6|)) transforms as 

A x = A x + 7] Xfl d^. (2.71) 



Equations ( 2.69 ), ( [2.71 ) represent the standard spinor and electromagnetic U(i) 



gauge transformation relations. 

As already mentioned, the above treatment of fermion-electromagnetic interac- 
tions can be applied in principle also to fermion-gravitational interactions. The de- 
viation of the gravitational field from the flat background metric would be regarded 
again as a perturbation which can be removed locally by an appropriate coordinate 
transformation. However, it is more convenient in this case to simply apply the fully 
nonlinear general invariant theory of gravitation in physical spacetime, as indicated 
in the following section. 
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2.5 Particle interactions 



Having demonstrated that we can recover from the n-dimensional nonlinear gravi- 
tational equations the basic quantum-theoretical free-field equations and, to lowest 
interaction order, the coupling between fermion, electromagnetic and gravitational 
fields, as described by the Maxwell-Dirac-Einstein Lagrangian, we turn now to the 
next question: can we derive from the matter-free Einstein equations also particle 
properties and the classical picture of point-particle coupling through particle far- 
field interactions? To this end we must clearly consider the sources of the fields, 
which reside in the localized regions of strongly nonlinear interactions in the parti- 
cle kernels. It will be shown in the following section that the classical gravitational 
and electromagnetic source terms corresponding to quasi-point particles can indeed 
be derived from the full-space nonlinear gravitational Lagrangian, the derivation 
yielding not only the structure of the source terms but also the associated physical 
constants (mass, gravitational constant and charge) as functions of the metron solu- 
tions. In addition, we shall explain the extremely weak strength of the gravitational 
forces by the higher-order nonlinearity of gravitational coupling and recover, in the 
process, de Broglie's relation and Planck's constant. 

We recall first the classical point-particle interaction relations which the metron 
model must reproduce. 



Classical point-particle interactions 

The classical equations describing the interactions of point particles coupled through 
gravitational and electromagnetic fields are given by: the particle propagation equa- 
tions (in natural coordinates, with c = 1) 

where m and q denote the charge and mass of a particle and u x is the particle 
4- velocity, with the usual normalization u x ux = — 1; the (linearized) field equations 

Uh Xlx = -2GT Xlx (2.73) 

for the divergence-free gravitational field h Xfl = g' Xll -\f}\ix9v , where g' Xfl = gx^-Vx^ 
is the perturbation of the gravitational field about the reference background metric 
rjx^; and the field equation for the electromagnetic potential A x , 

UA x =j x . (2.74) 

Here G is the gravitational constant and the source terms are given by the energy- 
momentum tensor 

T x , := Y, ™ W I ( dsux (x -fa)) (2.75) 



and the electric current 



j x :=Y] I dsq^u x 5^{x-i{s)), (2.76) 
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where is the path x = £(s) of the particle i (the index i is dropped, e.g. in 
eq.( |2.72| ) and in the trajectory £(s), where the reference is clear). In computing the 
fields acting on a given particle j, the self-interaction terms are excluded, i.e. the 
source terms are summed over all particles i excluding the particle j. 

Since we shall not be concerned with classical nonlinear gravity-field interactions, 
the gravity field equations ( |2.73D have been linearized on the left hand side, although 
the gravity field nonlinearities have been retained in the familiar form in the gravity 
connection term in ( 2.72| ). 



The coupled field-particle equations ( 2.72|) - ( p. 76 ) can be derived from the clas- 



sical action principle 5W c i = 0, where W c i = J Ld 4 x and, specifically 

W d := W g + W A + W pg + W pA , (2.77) 



with 



W A 



w P9 



W 9 := -\J[d^ v d x g^- 1 -d x g^d x g^ (fx (2.78) 

= ~ J d A x (2.79) 

= ~ 2G E J T(i) ™« {-9x^4) u £)} 1/2 ds ( 2 - 8 °) 

W pA : = 2G<W q {i) A x u* ds. (2.81) 
Jtw 



The variations are carried out with respect to the particle paths |T(| (yielding 
( P-72| )) and the fields and A\ (yielding ( 2.73| ) and ( |2.74| ), respectively). 



We remark that from the viewpoint of classical gravitational and electromagnetic 
interactions it would be more natural to choose a different normalization of the La- 
grangians in which all expressions ( ETral) - (HH) are divided by G. This removes the 



gravitational constant from the electromagnetic Lagrangians fl2j7p , ( ggD and the 
inertial Lagrangian ( |2.80| ) , the gravitational constant appearing only in the free-field 
gravitational Lagrangian (|2.78 ). However, we have retained here the same normal- 



ization for the 4-dimensional gravitational Lagrangian as used for the n-dimensional 
gravitational Lagrangian ( fjp in the previous section, in which no physical con- 



stants appear, in order to directly relate the metron and classical descriptions of 
gravitational and electromagnetic particle interactions. 

The system of equations ( p.72 ) - ( 2.76| ) does not yet uniquely determine the par- 



ticle coupling: the field equations must be augmented by boundary conditions at 
infinity. Normally, the outgoing radiation condition is invoked. However, this in- 
troduces a time asymmetry into the problem. As already mentioned and discussed 
in more detail in Sections |3.2| , |3.3| > this is justified in macrophysical applications, 
in which one is normally concerned with time asymmetrical solutions in an irre- 
versible macrophysical world, but is not appropriate for the microphysical approach 
adopted here, which is founded on the basic postulate of time-reversal symmetry. 
Accordingly, the Tetrode- Wheeler- Feynman condition of no net ingoing or outgoing 
radiation will be invoked. This is required not only for time-reversal symmetry, but 
also, in a relativistic theory, in order to describe the interactions between a finite set 
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of particles as a closed system, in which total energy and momentum are conserved 
without losses to infinity. 

Applying this boundary condition to solve for the fields, the action integrals W g , 
Wa for the fields can be expressed in terms of the line-integral source terms, and one 
obtains the action expression (extending the distant-interaction result of Wheeler 
and Feynman for electromagnetic coupling, using ( |2.73D , ( |2.75 ), to include linearized 
gravity-field coupling) 

w d = -2 ]T I m w {-n\»4) u faY /2 ds ( 2 - 82 ) 

+^ E / T(I) J TU) + 2 &vfavfou®u<p}6 (4,) d8 {i )ds U) , 

where 

3*71 := (2 ' 83) 

The form ( |2.82| ) depends only on the particle paths and demonstrates explicitly 
the particle-interaction symmetry resulting from the time-symmetrical inclusion of 
interactions on both forward and backward light cones. The result will be general- 



ized in Section |3.2j to actions-at-a-distance governed by the dispersive Klein-Gordon 
equation. 

Point-particle interactions in the metron picture 

We show now that the basic structure of the classical relations for interacting point 
particles listed above are reproduced by the metron model. Specifically, we show that 
the Ricci tensor of the n-dimensional Einstein vacuum equations, integrated over 
the nonlinear particle-core regions, yields the energy-momentum tensor and electric 
current representing the point-particle source terms of the classical gravitational and 
electromagnetic field equations. In the process, we shall determine the basic physical 
constants characterizing the interactions and the Planck constant in terms of the 
metron solutions. 

To derive the classical point-particle action expressions (|2?f^)- (|2~8T|) from the 
n-dimensional gravitational action 



If. 



n := J \g n \ 1/2 Ld n X, (2.84) 

we divide now the gravitational action integral into near- and far-field contributions 
Wf and W T (i). We ignore the integral over harmonic space, since all fields are 
assumed to be homogeneous in harmonic space and the Lagrangians can therefore 
be regarded as harmonic-space averages. The near- field integrals are defined to 
extend over the set of quasi-line (tube) regions in the vicinity of the metron- 
kernel trajectories in which the local metron field dominates over the far field of the 
other particles, while the far-field integral covers the remaining spacetime region F: 



+ V 

F JTW 



^^Ld*x=:W F + Y,W TW . (2.85) 
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In accordance with the linearization of the gravitational field assumed in ( p. 78 ), 



the Lagrangian need be considered in the far field region F only to quadratic order, 
and in the near field regions only to linear order with respect to the far fields. 
It is assumed that the near-field integrals of the interaction Lagrangian converge 
sufficiently rapidly that the near-field region can be regarded formally as extending to 
infinity in the evaluation of the action integrals over the metron 'tubes'. Conversely, 
the near-field 'holes' in the integration region F for the free field Lagrangian are 
assumed to be sufficiently small that the far fields can be smoothly interpolated 
across the metron trajectories (the interpolated fields formally define the coupling 
fields in the non-self-interaction point-particle limit). 

In accordance with the classical point-particle interaction theory, the nonlinear 
self-interaction terms in the metron core regions will be ignored. Although these 
are essential in determining the internal structure of the metron solutions, they do 
not affect the far-field coupling between different particles and need therefore not be 
considered in the point-particle interaction limit with which we are concerned here. 

Assuming that the metric field qab consists only of the four-dimensional space- 
time metric and the electromagnetic mixed- index tensor field g A x, as defined 



by eq^^) together with the gauge condition fl2,8| ), the general free-field gravita- 
tional Lagrangian (2.31) yields for the far-field action term Wp in ( 2.85| ), to lowest 
quadratic order 

W F = W' g + W' A , (2.86) 
where W' g represents the gravitational action for four-dimensional spacetime, which 



is trivially identical to the classical gravitational action W g |TT|], 

W' g = W g , (2.87) 

while the metron equivalent of the action for the electromagnetic free field is given 
by 

W' A = - 1 - a A a A J F Xtl F^d A x. (2.88) 
Comparing this result with the classical electromagnetic action expression (gjp and 



the definition (2.6) for the electromgnetic field, it follows that the normalization of 



the constant constant metron electromagnetic vector a A in ( |2,79 ) must be defined 
as 

'" ~a A a A = \a\ 2 = 2G (2.89) 



This implies, in particular, that the sign of the electromagnetic part of the back- 
ground metric must be positive, 7755 = 1, in order to reproduce the correct sign of 
the electromagnetic forces, as expressed by the negative sign in the definition of the 
electromagnetic action W A in fl2.79|) . 

It appears at first sight curious that the gravitational constant should be related 
to a property of the metron's electromagnetic field. However, as discussed above, 
this follows from the appearance of G in the classical electromagnetic action in a uni- 
fied gravitational-electromagnetic description of field-particle interactions, in which 
the normalization of the Lagrangians is derived from the original n-dimensional 
gravitational Lagrangian. 
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The metron expressions for the remaining physical constants characterizing grav- 
itational and electromagnetic particle interactions, namely the particle mass m and 
charge q, follow from the line-integral action expressions. The determination of the 
charge will yield also the calibration of the electromagnetic coupling constant e! , 
which was defined through eq.( 2.63| ) only to within an undetermined normalization 



factor. 

To match the line integrals of the classical action with the corresponding tube 
integrals of the metron action expression, we first reduce the tube integrals in the 



metron action ( 2.85 ) to line integrals by integrating across the tube cross-sections. 
Introducing for this purpose local 4d coordinates x defined with respect to the 
restframe with local spacetime metric rjx^, in which the volume element in the action 

M 2 



integral is given by ^f—g^d^x = d 3 xdx i = d 3 x y—gx^u^u^j ds, the action integral 
over a trajectory may be written 



W T (i) 



[ ^g^Ld A x= [ <L> (-gx^u x u^) 1/2 ds, (2.90) 



where <L> denotes the integration across the three-dimensional tube cross-section 
in the coordinate system x. 

We assume that to first order, in accordance with the lowest-order interaction 



analysis of Sections 2.4, the principal contribution to the integral across the 
cross-section comes from the extended 'weak coupling' region, in which the metron 
field of particle i can be represented by the metron free-wave Dirac field, as deter- 
mined by eq. Q2.20| ), modified only by the far field g^2 of the remaining particles. In 



the local particle restframe with metric rjxu, the only external mean field is Ax [12] 
Retaining only the electromagnetic far field, the integral of the Lagrangian across 
the tube cross-section is given, according to eqs. ( 2.62 )- (|2.65 )), by 



< L >= - ( 7 A [d x - ie'Ax] + lj) V) ■ (2.91) 

For a solution of the n-dimensional gravitational equations in full space, the vari- 
ation of the gravitational action must vanish for arbitrary variations of the fields. 
In establishing the equivalence with the classical action for interacting point parti- 
cles, however, the variations can be restricted to: a) variations in the far fields gx^ 
and Ax without changes in the metron trajectories and the associated metron near 
fields tp; and b) variations in the metron trajectories without changes in the metron 
near fields j relative to the local inertial frame of the changed path, and without 
modification of the far fields. Variations in the metron near fields ip need not be 
considered, since they yield the nonlinear field equations determining the internal 
structure of the metron solutions, which are assumed for the present discussion to be 
given. It is assumed also that the far fields have negligible impact on the structure 
of the near fields in the nonlinear metron core region. 

Variation of ( |2.90 ) with respect to the electromagnetic field Ax yields the elec- 



tric current appearing as source term in the electromagnetic field equations. The 
elevant component in ( 2.91| ) which determines this source term is the tube-averaged 



r 

interaction Lagrangian 



(L int )=ie'(i> 1 x ip)A x . (2.92) 
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We assume that the particles are isotropic, so that the vector v x = i < ijj^ijj > 
in ( 2.92j ) reduces in the metron restframe to the fourth component 



v 4 = i< ipj^i/j >=< V> >=: P = const. (2.93) 

The isotropy assumption is consistent with the neglect of the far fields on the struc- 
ture of the metron fields in the nonlinear particle core region. It implies, in partic- 
ular, that we ignore the coupling of the particle spin to the magnetic far field fl3[| . 
In the global frame, the mean interaction Lagrangian then takes the form (noting 
that v x transforms in the same way as u x and must therefore be parallel to u x ) 

< L int >= (3e'A x u x (-v^T 1/2 • (2-94) 

The metron line integral representing the influence of the particle charge on the 
electromagnetic field - and also the complementary influence of the electromagnetic 
field on the particle trajectory - thus becomes 

Ka = T,J (i) PwhAH) ds - ( 2 - 95 ) 

i 

This is seen to be identical to the corresponding classical expression ( |2.81| ) if the 
metron and classical physical constants are related through 



e {i) %> = 2G 1{i) 



(2.96) 



For the special case that the particle is an electron with elementary charge e, eq. 
( [2.96 ) yields the calibration factor relating the non- normalized coupling coefficient 



e' of eq.( |2.63| ) to the elementary charge: 

" (2.97) 



e' = 



where f3 e =< ip*ip > e . 

Expressed in terms of the electromagnetic wavenumber component \ eq.(2.96) 
may be written, using ( |2.63 ), 



(0 _ (2G) 1 / 2 

(i) 

Thus the wavenumber component determines the electric charge. 



For a reference particle, for example the electron, eq.( 2.98| ) may be regarded 



as the defining equation for the (so far undetermined) reference length scale of the 
metron solutions (the scaling of the other metron property (3^ in ( |2.98D is not 
free, but is fixed by the definitions of the background metric and fermion metric). 
Once the reference scale has been determined through the elementary charge of 
the electron, the metron solutions should predict the charges of all other particles 
(provided the harmonic wavenumbers of other metron solutions are computed and 
not prescribed, cf. discussion in Part ||). 
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In order that the coefficient (3 in eq.( |2.96| ) is finite, the integrals in eqs.(2.92), 
( [2,93 ) must converge. This implies that the spinor field ip must be a genuine trapped 
field which falls off exponentially rather than as 1/r, in accordance with a free wave, 
for large distances r from the particle core (cf. discussion in Section 1.4). However, 
the e-folding length scale l e of the field ip must be large compared with typical 
atomic scales in order that the periodic (de Broglie) far field can produce resonant 
interference phenomena (cf. Sections |3 . 5| - |3 . 6|) . It will be shown in the following 
section that this condition can indeed be satisfied, and that the length scale l e can 
be inferred from the ratio of gravitational to electromagnetic forces. 

Turning now to variations with respect to the gravitational field gxa, we may 
replace the expression ( |2.90| ) for W T (i) by the action expression 



W 

P9 



E 



M, 



rp{i) 



(0 



\)} 1/2 ds ' 



(2.99) 



in which 



Mi 



(0 



<L> 



Ox 



ie'A\ 



(2.100) 



i.e A \ is not varied but is regarded as a given function A\ 



is treated as constant, 
along the trajectory. 

We note that the second factor on the right hand side of eq. ( 2.100 ) corresponds 
to the field equation for a Dirac field tp interacting with an electromagnetic field A^ 
and is thus zero to lowest order. The mass Mu\ must therefore represent a higher- 
order property of the nonlinear metron solution. The apparent dependence of Mu\ 
on Ax in eq. ( |2.100 ) also vanishes to first order, so that Mu\ is essentially a constant 
property of the metron solution (apart from a possible higher-order dependence of 
the nonlinear core region on the external electromagnetic far field, which we have 
neglected) . The fact that the mass vanishes to lowest interaction order is the origin of 
the weakness of gravitational forces. We return to this question in the next section. 

The form ( |2.99 ) is identical to the corresponding classical form ( |2.80| ) for W pg , 
where the metron and classical physical constants are related in this case through 



Af w = 2Gm (l) . 



(2.101) 



Since the free length scale has already been fixed by the elementary charge, we have 
no free scaling factors left in the metron solution. Thus eq.( [2.10i implies that the 
particle masses - or, equivalently, the dimensionless gravitational/electromagnetic 
coupling ratios Gm 2 ^/e 2 - are determined by the metron solutions. 

Finally, it remains to be confirmed that the variation of the metron line-integral 
action W T {%) with respect to the particle trajectories £a(s) is equivalent to the vari- 
ation with respect to £a(s) of the two action expressions W pA , W pg , which were 
inferred from the field variations, i.e. that W 1 A and W pg yield not only the source 
terms in the field equations but also the particle trajectory equations. For the action 
W pA this is obvious from the derivation. In the case of the action W pg , however, this 
must still be demonstrated, since the replacement of W T a) by the action expression 
Wp g was justified only for variations with respect to gxfi- 

To distinguish between the contributions which arise from the variations induced 
in the electromagnetic field by changes in the trajectory from the variations of the 
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trajectory itself, the tube-averaged Lagrangian may be written in the form (dropping 
now the index i) 

<L> = <L >° + <L>', (2.102) 



where < L >° is defined in eqs.(2.99), ( 2.100| ) and < L >' represents the variation 



of < L > arising from variations in the electromagnetic field. Thus < L >' is zero 
along the trajectory itself, but is non-zero in the neighbourhood of the trajectory. 
Variation of Wt with respect to £\(s) yields 

+ (aA-^^ I ){<i>'(s„^" U '') 1/2 }U« A ( S )<i S . (2.103) 



The first term in ( 2.103| ) is identical to the result obtained by varying the action W' 



with respect to the trajectory and yields the geodetic contribution to the trajectory 
equations. The second term can be recognized as the expression obtained by varying 
the action W pA with respect to the trajectory; it yields the Lorentz force term. 

Thus the metron model reproduces the classical action describing the coupling 
of point particles through gravitational and electromagnetic fields and determines 
the gravitational constant G and particle mass m and charge q through the three 
equations (|2.89|) , fl2~96p and ( p.l01| ). 



The ratio of gravitational to electromagnetic forces and Planck's 
constant 

One of the fundamental properties of nature which the metron model must explain 
is the extremely small ratio e := G(m/q) 2 of gravitational to electromagnetic forces. 
For the electron, the ratio is 



G{m e /ef = (6.67 10~ 8 cmVV 2 ) {(9.12 10~ 28 c/)/(4.80 10~ 10 esu)} 
= 2.4 10" 43 . 



2 



According to the metron model (cf. eqs.(^63|), (|2^89| ), (g]36|) and ( plQl| )), 



2 IPh 



As has already been pointed out, the definitions of M, eq.( 2.100| ), and [3 



eq.( |2.93| ), yield a very interesting result. Whereas (3 is a finite quantity to low- 
est linear order in the metron field ip, the expression for M vanishes to this order. 
The mass M must therefore be determined by higher-order nonlinearities of the 
metron solution. Thus while the source terms for the electromagnetic far fields are 
governed to first order by the extensive weak interaction region outside the strongly 
nonlinear core region, to compute the source terms for the gravitational far fields 
we must consider the higher-order nonlinear coupling within the metron core. 

This requires an extension of the electromagnetic interaction analysis of Sec- 



tion |2.4| . Additional interactions involving the coupling between two fermion fields 
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fi and /2 through electroweak boson or strong-interaction gluon fields 6 12 " , in accor- 
dance with the Standard Model picture, will be considered later in Part |j. However, 
to lowest interaction order these again represent cubic interactions of the same form 
(/1&12/2) as the electromagnetic interactions, except that two different fermion fields 
/ij/2 axe now involved. They therefore also yield no contributions to M at lowest 
interaction order: generally, <L> vanishes for all Lagrangians which are linear in 
the individual fermion fields (adjoint fields being regarded formally as independent 
fields). The lowest-order interaction Lagrangian which yields a gravitational mass 
term is of the form L 9 int = (/1/1&112/2) or (/1/1/112/2), where & 112 - or represent 
higher-order boson or fermion coupling fields, respectively. 

Assuming that the coupling is mediated, as in the Standard Model, by bosons 
rather than fermions, it can readily be seen, by inspection of the general form of 
the gravitational Lagrangian (ET27D , ( HH ) (noting that boson fields are defined 



as mixed-index fields and invoking the gauge condition ( |2,4| )), that in the metron 

(2) 

restframe Lf nt ~ k\ , i.e. the gravitational interaction Lagrangian is proportional to 



the frequency of the fermion field ji- This was identified in Section 2.2 with the 
(de Broglie) particle mass. The structure of these higher-order interactions will not 
be investigated here. However, it appears reasonable to assume that the dominant 
interactions will involve a single fermion field f\ = fi = tp, so that one can simply 
write 

<Ll t >=-2G'k 4 , (2.105) 

where the constant G' depends on the geometrical structure of the metron solution 
(or the relevant parton components of the metron solution which determine the par- 
ticle mass). If it is assumed, finally, that the relevant partons all have the same basic 
structure with respect to this higher-order gravitational interaction Lagrangian, so 
that G' is a universal constant, the gravitational mass can be identified with the de 
Broglie mass, defined by m = %k&, and the constant G' yields the Planck constant 



h = G'/G (2.106) 



For a quartic interaction of the assumed form (/1/1&112/2)) the ratio e of gravi- 
tational to electromagnetic forces, eq.( 2.104| ), can be readily estimated. Noting that 



the polarization factor relating the metric field to the the fermion field has the di- 
mension k~ x l 2 (eq. Q2.45 )), the mass term M = — < L 9 int > is of order (<7^m^W' 



where l m is the spatial extent of the strongly nonlinear core region and k m , g m denote 
the orders of magnitude of the harmonic wavenumber and amplitude, respectively, 
of the parton field which generates the mass term in the core region. We take l m to 
be of the same order as k~} . 

The term /?, on the other hand, is of order {g^l\k e ), where k e ,g e denote the orders 
of magnitude of the relevant wavenumber and amplitude, respectively, of the charge- 
generating parton field in the nonlinear core region and l e is the e-folding scale of 



the (weak) exponential fall-off of the field. It was pointed out in Section 1A that l e 
must be large compared with the parton wave length, and, in fact, large compared 
with the atomic scale 10 -8 cm, in order that there exists a far field of sufficient 



extent to produce the interference phenomena discussed later in Sections 3.5 and 



3.6. In Part m it will be shown that in the metron picture of the Standard Model the 
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wavenumbers k e ~ k m and k$ of the electron are of comparable magnitude. This 
is generally the case if the 'harmonic mass' u = (kAk A ) l l 2 = 0(k m ) (eq.( |l,7| )) is 
determined mainly by the wavenumber component k§. This holds for the electron, 
but not for nucleons, for which £j = 0(W 3 )k^. For the electron, the metron ratio 
of gravitational to electromagnetic forces is thus given by (for nucleons the ratio is 
accordingly of order 10 6 larger) 



e e = 0[[g b m /ginC/lir). (2.107) 

Setting, for lack of other information, g^/g 2 = 0(1) (for strongly nonlinear 
fields, one would expect typically 0(g( m ^ = 0(g e ) = 0(1)), the experimental value 
e e » 10" 43 yields 

l m /l e = 0(1(T 43 / 6 ) « 10~ 7 . (2.108) 

Taking l m to be of the order of the nucleus scale 10 -13 cm, it follows that l e = 
O (10 2 )x atomic scale (10 -8 cm), i.e. l e is large compared with the atomic scale, as 
required for effective interference phenomena. However, the scale separation factor 
10 2 is not exceedingly large, implying a limitation on the resonant sharpness of, for 
example, Bragg scattering phenomena (cf. Section |3lj|). This could conceivably be 
detected by experiments. 

As a side comment we note that the proportionality of the coupling constants 
and m(j) for electromagnetic and gravitational forces to the respective wavenumber 
components k§ and fej (eqs. (|2.63| ), ( j2.96|) , Q2.101 ) and ( 2.105 )) is consistent with 



the particle and anti-particle definition given in Section 2.2. For an anti-particle, 
the electric charge, being proportional to a harmonic-space wavenumber component, 
is of opposite sign to that of a particle, while the mass, which is proportional to a 
physical-spacetime wavenumber component, is the same for both particle and anti- 
particle. 

In summary, the metron picture of the Maxwell-Dirac-Einstein system is able 
to explain, in terms of properties of the trapped-mode metron solution, the origin 
of gravitational and electromagnetic forces, the magnitudes of the masses, charges 
and coupling constants which characterize these forces, and the de Broglie relation, 
including Planck's constant. Distinguishing between dimensional physical constants 
which follow from the normalization of the metron solutions and dimensionless phys- 
ical constants which represent genuine predictions of the metron model, the metron 
model yields the ratio Gm 2 /e 2 of gravitational to electromagnetic forces, the fine- 
structure constant e 2 /h and the charge and mass ratios qu\/e, mu\/m e for all par- 
ticles. Whereas forces arise already at lowest order in the interaction between the 
particle core region and an external electromagnetic far field, the corresponding grav- 
itational forces vanish to lowest interaction order and must therefore be described by 
higher-order nonlinearities. The large disparity in the strengths of the gravitational 
and electromagnetic forces is accordingly attributed to the disparity in the spatial 
scale of the strongly nonlinear interaction region in the metron core (of the order 
of the nucleus scale), which determines the particle mass, and the weakly nonlinear 
far-field region (of the order of 10 2 times the atomic scale), which defines the electric 
charge of the particle. 
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Notes and References 



[1] For the definition of notations we refer to Part |T|. 

[2] Huygens' principle, cf. R. Courant and D.Hilbert, Methods of Mathematical 
Physics, Vol. 2, Partial Differential Equations, Interscience, (New York-London, 
1962) 830 pp., see also the discussion in H. Weyl, The Philosophy of Mathe- 
matics and Natural Sciences, Atheneum, New York, p. 136 (1963). 

[3] This may be seen, for example, by Fourier decomposition. For any given four- 
wavenumber k satisfying the dispersion relation k\k = —CJ 1 , eq. ( §1D has four 



independent eigensolutions, while each of the two equations ( |2,20| ), ( |2.21| ) has 
two independent positive and negative spin eigenstate solutions, tpi,ip_ and 
ip+ , ipZ , yielding again a total of four independent solutions. 

[4] cf., for example, D.R. Brill and J.A.Wheeler, Rev.Mod.Phys. A19, 465 (1957). 

[5] A third term appearing in the full expression for Lq can be rewritten as a 
divergence term, invoking the gauge condition (|2.4|), and has been dropped in 
(|2.3l| ). The right hand side of eq.( [2.30 ) is assumed to be symmetrized with 



respect to the first three and last two factors. 

[6] Assuming, as stated above and discussed further below, that the fermion parton 
fields contain only one of the two Dirac brances. 

[7] Tensor components refer here and in the following to the harmonic-space di- 
mensions x = (x 5 , x 6 , x 7 , x 8 ). 



[8] The form ( p.45| ), and the corresponding polarization tensor (2.58) given later 



for the Euclidean case, can be readily shown to represent particular examples 
from one-parameter families of solutions which yield the spinor metric forms 
( |2.37| ) and ( 2.53 ), respectively. 



[9] taking the point-particle limit of the standard Lagrangian for gravitational and 
electromagnetic interactions in a continuous medium (cf. W. Pauli, Enzykl. 
Math. Wiss., 19, Art. 19 (1921)) and ignoring the divergent self-interactions. 



[10] Note that in contrast to the trajectory and field equations ( |2.72| ) - ( 2.76 ), the 



line integrals in eqs. ( |2.80| ) and ( p. 81 ) are invariant with respect to the choice 
of the path parameter s, and the side condition u x u\ = — 1 is not invoked in 
the variation of the action; the normalization is introduced afterwards in the 
resultant trajectory and field equations for convenience. 
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[11] This clearly applies not only for the quadratic form but generally for the fully 
nonlinear spacetime gravitational action. 



[12] We consider here only mean far fields, ignoring the periodic de Broglie far 
fields. These yield a mean source term only when in resonance with the periodic 
interior fields in the core region. This occurs in scattering problems, which will 



be discussed in Sections 3.5 



[13] The treatment of particle spin requires consideration of the first moments in 
the integration of the Lagrangians over the tube cross-sections. We restrict the 
discussion here to the zero'th moment, which characterizes the particle charge. 
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ABSTRACT 



In the third part of this four-part paper we apply the unified, deterministic model 
of particles and fields based on the postulated existence of soliton-type (metron) 
solutions of the higher-dimensional gravitational equations, which was summarized 
in Part |] and developed in more detail for the Maxwell-Dirac-Einstein system in 
Part |2[ to explain various quantum phenomena. The wave-particle duality para- 
doxes, which motivated the formulation of quantum theory, are resolved in terms 
of the deterministic metron picture. The widely held view, based on Bell's theorem 
for the EPR experiment, that deterministic hidden-variable theories are inherently 
incapable of explaining microphysical phenomena, is shown to be invalid for the 
metron model. Essential for Bell's theorem is the existence of an arrow of time, 
which contradicts the time symmetry of the metron model. Following a general 
discussion of time symmetry, the metron interpretation of the EPR experiment is 
presented. 

The wave-like interference phenomena of microphysics are explained by the pe- 
riodic (de Broglie) far fields of the metron particles. The appearance of interference 
patterns in particle scattering distributions is attributed to resonant interactions 
between the particles and the scattered wave fields. The mechanism is illustrated 
for Bragg scattering and atomic spectra. In the latter case, the existence of discrete 
atomic spectra results from the resonant interaction between an eigenmode of the 
metron Maxwell-Dirac system (which is identical to QED at the lowest-order tree 
level) and the orbiting electron. For circular orbits the resonant condition repro- 
duces the Bohr condition. Thus the metron picture of atomic spectra represents 
an interesting amalgam of QED and the original Bohr orbital theory. The metron 
formalism for computing radiation-induced or spontaneous transitions between dis- 
crete atomic states is shown to be essentially identical to the QED computations 
at the tree level. It is anticipated, but not demonstrated, that higher-order metron 
computations will not encounter divergence problems. It remains also to be inves- 
tigated whether higher-order computations with the metron model will reproduce 
observed atomic spectra to the same accuracy as QED. 

Keywords: 

metron — unified theory — wave-particle duality — higher-dimensional gravity — solitons 
— EPR paradox — Bell's theorem — arrow of time — Bragg scattering — atomic spectra 

RESUME 

Dans la troixieme partie de ce travail, le modele unifie deterministe des champs 
et particules, qui, comme nous l'avions resume dans la premiere partie et developpe 
en detail pour le systeme de Maxwell - Dirac - Einstein dans la deuxieme par- 
tie, est fonde sur l'existence postulee de solutions de type soliton (dite metrons) des 
equations gravitationnelles a haute dimension. Ce modele est utilise afin d'expliquer 
les differents phenomenes quantiques. Les paradoxes provenant de la dualite onde - 
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corpuscule et qui avaient abouti a la formulation de la theorie quantique, sont resolus 
grace a l'introduction du point de vue de metron deterministe. Nous demontrons 
ici que l'idee generalement admise qui s'appuie sur le theoreme de Bell concer- 
nant l'experience d'EPR, et qui considere que toute theorie deterministe a variables 
cachees est incapable par inherence d'expliquer les phenomenes microphysiques, n'est 
pas valable dans le cas du modele de metron. Dans le theoreme de Bell, l'essentiel 
est l'existence d'une Heche du temps: ce qui contredit la symetrie d'inversion tem- 
porelle du modele de metron. Tout en poursuivant une discussion generale sur la 
symetrie d'inversion temporelle, nous presentons ici Interpretation de metron de 
l'experience d'EPR. 

En microphysique les phenomenes d'interference ayant un aspect ondulatoire, 
sont compris grace aux champs periodiques de distance (champs de de Broglie) des 
particules de metron. L'apparition de figures d'interference dans la distribution 
des particules diffusees est attribute aux interactions resonantes entre particules et 
champs ondulatoires diffuses. Ce mecanisme trouve son illustration dans le cas de 
la retro diffusion de Bragg rattachee aux spectres atomiques. Dans le dernier cas, 
l'existence de spectres atomiques discrets resulte d'interactions resonantes entre un 
mode propre du metron du systeme de Maxwell - Dirac (qui est identique a la QED 
si Ton exclut de la serie de perturbation les diagrammes de Feynman qui contiennent 
des boucles) et Pelectron tournoyant. Dans le cas des orbites circulaires, la condi- 
tion de resonance reproduit les regies de quantification de Bohr. Ainsi le point de 
vue de metron des spectres atomiques represente-t-il un amalgame interessant entre 
QED et la theorie quantique originelle des orbites de Bohr. Nous demontrons que 
le formalisme de metron servant a calculer les transitions spontanees induites par 
radiation, parmi les etats atomiques discrets, est essentiellement identique a celui de 
la QED si Ton exclut les diagrammes de Feynman ayant des boucles. Bien que ce ne 
soit pas demontre, nous supposons que le calcul des ordres superieurs ne connaitra 
pas de problemes de divergences. De meme il reste a examiner si le calcul d'ordres 
superieurs reproduisera les spectres atomiques observes avec une precision egale a 
celle atteind par la QED. 

Mots cles: 

metron — theorie unifiee — dualite onde-corpuscule — theorie de gravitation a haute dimen- 
sion — solitons — paradoxe d'EPR — theoreme de Bell — fleche du temps — retrodiffusion 
de Bragg — spectres atomiques 
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3.1 Introduction 



The metron representation of gravitational and electromagnetic interactions devel- 
oped in Part Q of this paper can be readily extended to weak and strong interactions. 
However, before pursuing the interaction analysis further in Part ||, we return first 
to some of the more fundamental questions raised in the overview of the metron 
model in Part |l]. These can be addressed now within the framework of the metron 
picture of the Maxwell-Dirac-Einstein system which has already emerged. 

In the first two sections we consider the question of time-symmetry and the 
origin of irreversibility. In Section 3.4 it is then shown that the EPR paradox can be 
readily resolved by the metron model, the conflict with Bell's fundamental theorem 
on the inherent incompatibility of the EPR experiment with any causal (in the sense 
of directed-time) hidden-variable interpretation of the experiment being avoided by 
the time-symmetry of the metron model. 



The remaining Sections 3.5 - |3.6| address general questions of wave-particle du- 
ality. Bragg scattering is chosen in Section |3.5| as a simple example illustrating 
the dual nature of the metron particle model. The interference patterns of Bragg- 
scattered particle beams are explained by resonant interactions between the scat- 
tered de Broglie far fields of the particles and the periodic fields within the particle 
core from which the de Broglie fields emanate. Similar resonant interactions between 
particles and scattered de Broglie waves are invoked in Section 3.6 to explain the 
existence of discrete atomic spectra. Here the resonance occurs between the orbiting 
electron (in accordance with Bohr's original picture) and the eigensolutions of the 
standard Maxwell-Dirac equations for a fermion field in a Coulomb potential. In 
the last sub-section of Section |3^ it is shown that the computation of spontaneous 
or forced emissions in the metron model is closely analagous to the standard QED 
computations. 

The examples chosen represent only a small selection of the many quantum phe- 
nomena which the metron model must be able to explain. However, they capture 
the salient features of the metron approach to the resolution of the wave-particle 
duality problem, and the application of these concepts to other phenomena is basi- 
cally straightforward. After addressing these basic questions we return in the last 
Part [| of this paper to the general interaction analysis. Through the introduction of 
more than one fermion field, in the form of leptons and quarks with different flavors 
and colors, together with appropriate weak and strong coupling bosons, the metron 
picture of the Maxwell-Dirac-Einstein system is extended in a natural manner to an 
interpretation of the Standard Model. 



3.2 Time-reversal symmetry 

The Tetrode- Wheeler-Feynman representation of the time-symmetrical electro- 
magnetic distant interaction between point particles, which was generalized already 
in Section 2Jj to gravitational forces, can be readily extended to arbitrary interac- 
tions, including periodic coupling fields. We consider, as in Section |2.5|, interactions 
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between the near fields within a particle 'tube' (i) and the far field 

& = & ew(ik { i ] x A ) + c.c, (3.1) 

defined again as the deviation from the n-dimensional background metric ijlm, of 
a distant particle (j) Q. The field is now allowed to be periodic with respect to 
the harmonic coordinates, but can represent also, as before, an electromagnetic, 
gravitational or, possibly, neutrino field with = 0. 

Prom Section |2.5| it follows that the action integral describing the coupling of the 



far field of particle (j) to particle (i) is of the form (generalizing eqs.( |2.90| - 12.92| )) 

= J T(i) g^f 1 (-<?A M u V) V2 ds, (3.2) 

where 1^ denotes the integral over the tube cross-section of all (in general periodic) 
expressions involving the fields of particle (i) which interact linearly with the far 
field g^lj. The expression g^j^I^ 1 is obtained by collecting all terms in the general 
gravitational Lagrangian ( |2.27| ), ( |2.28| ), with g^M = Vlm + 9lm + 9lm> which are 
linear in g£ M , and then integrating over the tube cross-section. 

Variation with respect to the far field g^) M °f the free-field action ( 2.31 ) for gj) M 



together with the interaction integral ( |3.2D yields the field equations 



i(d A 9 A - Q?\g LM - lvLM9%h) = ~ / T(i) iH^Hx ~ Z {t) (s))ds, (3.3) 



where 

■:> . nSi)i. 

The harmonic masses u) of all interacting particles (or partons) are assumed to be the 
same. This is necessary for interactions involving periodic far fields in order that the 



0? := {kfkfa). (3.4) 



product of the far fields g^M and the core-region fields ih^ yield a resonant mean 



force. 

The solution of (^) is given by 

Mi = "2 I ( Vf M ~ -^VLMl^jG^ds, (3.5) 
jtM n — z 

where the Green function G{x) is defined by 

(d x d x - Cj 2 )G := 5\x), (3.6) 

fa] := X (i) ~ °°U) ( 3 - 7 ) 

and n is the dimension of full space. 

Substituting the solution ( |3.5| ) into ( |3.2| ), one obtains the action integral describ- 
ing particle coupling in the distant-interaction form (considering now an ensemble 
of particles rather than a single pair) 

e/*m'7-S ,i I -<!\,,a:\ ,'/!'.-, ! 

/t(») JtO) 



W int= ]T L (i) L (j) ds (i) ds (j) (-^W*)"?)) 1 ^i) 6 ^])' ( 3 - 8 ) 
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where 



Equation ( |3,8| ) represents the generalization to other forces, including, in par- 
ticular, periodic fields, of the Wheeler-Feynman H distant-interaction form ( |2,82| ) 
of the action integral describing the electromagnetic (and linearized gravitational) 
coupling between quasi-point-particles. Self interactions, i = j, are again excluded. 
These determine the internal structures of the particles, which are regarded here as 
given. 

In contrast to the coupling between non-periodic electromagnetic and gravita- 
tional fields, the coupling through periodic (de Broglie) far fields is effective only for 
special resonant trajectories for which the frequencies of the far field g^^j and the 
particle's near-field form I LM are matched. 



Not included in Q3.8| ) are self-interactions of a particle with its own field which 
has been scattered at other particles. These processes can be important, but in the 
present context of direct particle-particle interactions are of higher order. They are 



discussed in sections 3.5 and 3.6 



The Green function G is determined by the definition (|3.6| ) only to within an 
arbitrary solution of the homogeneous Klein-Gordon equation. For initial value 
problems associated with an arrow of time the appropriate Green function is nor- 
mally the retarded Green function G , which can be represented in Fourier integral 
form as 

P P „i(k.x-u)t) 
G R := (2tt)- 4 j dk j _ duj— — , (3.10) 



where 

w\ := Gj 2 + hk? (3.11) 

and the integration over u> is carried out along a curve C R in the complex plane 
which follows the u axis except for indentations passing above the poles at u = ±uJk- 
Closing the integral in the upper or lower half plane for t < or t > 0, respectively, 
one obtains 

G R = (2vr)- 3 e(t) J sin(k.x - u k t)u^ l dk 

Q(t) f k 
= -(271-r 2 — — {cos(kr - uj k t) - cos(kr + uj k t)} — dk, (3.12) 
r J LOk 



where r := Ixl and 



1 for t > 
for t < 



The associated advanced Green function G A is obtained by replacing the curve 
C R by the curve C passing below the poles, yielding 

G A = -(2vr)- 3 e(-t)y'sin(k.x-wt)w fc 1 dk 

@(—t) f k 
= {2-kY 2 — — - {cos(kr - uj k t) - cos(kr + uj k t)} — dk. (3.13) 
r J u) k 
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For the non-dispersive case u = 0, u>k = k, the expressions ( 3.12j ), ( |3.13| ) yield 




y I e(-t)cos(Ar + w fe t) [ v ; 

(3.15) 



(2vr) 2 r7 1 9(-t)cos(A;r + w fc t) 



_J_I 9(t)<5(r-<) 
27rr \ 9(-t)tf(r + t) J ' 

while in the dispersive case, Cj > 0, one obtains in the stationary-phase approxima- 
tion 




1/2 



6(i) cos(fco r — ^o*) 
®{—t) cos(kor + wot) 



(3.16) 



where ko, too := (u>k)o correspond to the stationary-phase wavenumber and frequency 
for which 

d 2=J k = r/t = v{<l). (3.17) 

Thus in the dispersive case, for any given propagation cone r/t = v < 1 , the 
retarded (advanced) Green function consists in the stationary phase approximation 
of a single outgoing (ingoing) spherical wave component with group velocity equal 
to v. 

In the following we shall need only the result that in both cases, dispersive and 
non-dispersive, the retarded and advanced Green functions can be represented as a 
superposition of outgoing and ingoing spherical waves, respectively, of the form 

[W R \_A[ e(t) exp [i(kr - Ult t)] 1 , _ , . , 

In contrast to macrophysical applications, in which the typical task of predicting 
the future state of a system given the present state leads naturally to the choice 
of the time-asymmetrical retarded Green function G R , the initial value problem is 
irrelevant for discrete particle interactions. One is concerned here simply with a 
physically consistent description of the interactions between a finite set of particles, 
and with the further problem of embedding the particular finite system being studied 
within the universe of all other particles with which the system can interact. It is 
argued below that in this case a time-symmetric description of particle interactions 
is appropriate, for which the relevant potential is the time-symmetric Green function 

G s := (G R + G A )/2 (3.19) 

consisting of a superposition of equally large outgoing and ingoing spherical wave 
components. 

We distinguish between internal interactions within the finite system considered 
and external interactions with other particles. For a single non-interacting particle, 



it was assumed in Sections 1.4 and 2.5 that the internal structure of the particle was 
determined entirely by the local nonlinear mode-trapping mechanism. The depen- 
dence of the internal dynamics of the particle on the interactions of the particle's 
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far fields with other particles was ignored. Similarly, in describing the interactions 
between a finite set of interacting particles, we shall ignore the coupling of the set of 
particles to the rest of the universe in a first step. We require that in such a closed 
particle set, total momentum and energy are conserved, i.e. that the distant interac- 
tions between a finite set of particles can lead only to an exchange of 4-momentum 
between the particles, without loss (or gain) of 4-momentum by radiation to (or 
from) infinity. 

It is readily verified that the conservation of 4-momentum for a finite set of 
interacting particles requires the choice of the time-symmetric Green function G s . 
Consider a finite set of particles which are far separated and therefore no longer 
interact at the beginning and end of their paths, for s — ► ± oo. From the trajectory 
equations for the particle (i), obtained by varying the zero'th order action integral 
(cf. equations fl2.90|) , ( |2.99| ), ( |2.100|) ) and the distant-interaction integral (|3j|) with 
respect to the trajectory by, 

we obtain for the change in the total 4-momentum between the beginning and end 
of the interaction: 

E^)K^=-oc = E / T(i) J T0) d^ ds u)^)^r- ( 3 - 21 ) 

Noting the symmetries £ryi = — Ifm = Ifji) (cf. eqs. (fTT]), ( |3.9| )), the change 
in total 4-momentum is seen to vanish for arbitrary trajectories if and only if 

G(£ [ij] ) = G(-t; [ij] ). (3.22) 

This symmetry condition is satisfied only by the Green function G s . 

The symmetry property ( |3.22| ) ensures that in the path-integral expression ( p. 21 ) 
for the net 4-momentum exchange, 4-momentum is conserved already at the elemen- 
tary interaction level: for any pair of interacting infinitesmal line elements ds^ , ds^ 
of the particle paths, the momentum gained or lost by particle (i) is exactly balanced 
by the momentum lost or gained by particle (j). 

In contrast to the closed-system description of particle interactions in terms 
of the time-symmetrical Green function, the open-system description using the re- 
tarded Green function fails to conserve 4-momentum within the system, since 4- 
momentum is radiated to infinity. The question of the proper choice of the Green 
function has been the subject of some debate in classical theories of the electromag- 
netic interaction of charged point particles. The closed-system description has the 
formal advantage of preserving time-reversal symmetry, but must then explain the 
origin of the observed irreversible radiative damping of acclerated charges. Wheeler 
and Feynmann resolved the paradox of radiative damping for time-symmetrical 
electromagnetic interactions by showing that the open-system description for a fi- 
nite set of particles can be derived from the closed-system description if the finite 
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particle set is extended to include an infinite statistical ensemble of distant particles 
which completely absorbs all outgoing radiation. The time-reversal asymmetry of 
the outgoing radiation condition follows then from the assumed time-asymmetrical 
property of complete absorption by the distant particle ensemble. 

We shall adopt this interpretation also for the general interaction case. Thus 
we shall extend our finite physical system to include interactions with an infinite 
external particle ensemble, assuming still that the interactions between individual 
particle pairs can be described by time-symmetrical Green functions. The outgoing 
radiation condition will then be shown to follow from assumed time-asymmetrical 
statistical properties of the external ensemble of particles with which the finite sys- 
tem interacts. 

It should be pointed out, however, that there is a subtle but fundamental differ- 
ence between the development of a classical theory of electromagnetic interactions 
between point particles and the metron model. In classical theory, point particles 
are simply postulated to exist, and the type of Green function must therefore also be 
postulated axiomatically in defining the electromagnetic coupling between particles. 
In contrast, the only basic equations of the metron model are the n-dimensional Ein- 
stein vacuum equations (1.1). All particle properties and the details of their coupling 
must follow from these equations. From the metron viewpoint, the closed-system 
and open-system descriptions are both permissible solutions of eqs. (|l.l|) (provided 
trapped-mode particle solutions exist, as assumed). Both representations provide 
legitimate descriptions of particle interactions for suitably defined particle ensem- 
bles. Which of the two descriptions is more appropriate depends on the experimental 
situation. It will be argued in Section ^4 that in the case of the EPR experiment, 
the time-symmetrical closed-system description is the relevant picture. On the other 
hand, in Section ^6 it will be found more convenient to treat radiation mediating the 
coupling between discrete atomic states in the traditional sense as an independent 
external field interacting in an open particle system. 



3.3 The radiation condition 

To derive the (electromagnetic) radiation condition, Wheeler and Feynmann ^ con- 
sidered a charged test particle, moving under the influence of an external force, which 
was assumed to be coupled through time-symmetrical electromagnetic interactions 
with a distant ensemble of charged particles. Under suitable assumptions regard- 
ing the absorbing properties of the distant particle ensemble, they showed that the 
back-interaction of the particle ensemble on the test particle produces the Dirac || 
damping force and an associated net field in the neighbourhood of the test particle in 
accordance with the usual picture of outgoing radiation. Four different derivations of 
the radiative damping were presented. The first three were based on explicit electro- 
dynamical interaction properties and can be generalized to the case considered here 
only through a more detailed analysis of the perturbations induced in the coupling 
function I^ M in eq.([T^). But the last, particularly simple derivation assumed only 
that the interactions between the test particle and the absorber lead to complete 
absorption of all fields in the absorber. This derivation can be readily generalized to 
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the present case and will therefore be presented first. However, it fails to explain the 
origin and nature of the absorption mechanism and the resultant time asymmetry. 
We shall accordingly present subsequently also a more detailed derivation of the 
radiation condition based on an explicit description of the interactions between the 
test particle and the absorbing medium. 

Simple derivation 

Consider a test particle e which is perturbed by some external force, producing a 
perturbation in the particle's local coupling form I^ M in eq. (|3.2|) . This will cause a 
perturbation of the test particle's far field gf* M as given by (jOI). For the following, 
the tensor structure of the field Qlm is an irrelevant complication, and we shall 
accordingly consider simply a scalar emitted field <p e consisting of half the sum of 
the retarded and advanced potentials, 

4> e = (^ + ^)/2. (3.23) 

The perturbed field <p e will in turn generate perturbations in the particles j of 
the absorber, producing response fields 

ft = (<f>f + 4>f)/2. (3.24) 

Assume now that outside the absorber, beyond some large but finite sphere of 
radius R, the total field 

<t>tot = <t>e + (t>r, (3.25) 

consisting of the sum of the emitted field and the net response field 

0r = I>i> ( 3 - 26 ) 
i 

effectively vanishes The statistical properties of the particle ensemble required 
to produce the assumed absorption will be discussed later. If the total field vanishes, 
so must the total retarded and advanced fields individually, since the two fields have 
different propagation signatures and therefore cannot be superimposed to yield a 
zero field. Thus 

<t>%t = <t>e + <t>? = for r > R (3.27) 
Kt = <t>e + <l>r = for r > R. (3.28) 

The difference field 

Kt = W& - tf&)/2 = " ^)/2 + ft? - <^)/2 = (3.29) 

therefore also vanishes outside the absorbing sphere. But the field <^ ot has no sources. 
Thus it must vanish identically in all space. 

The response field <p r may then be expressed in the form 

r = (^ + ^)/2 = -(^-^)/2 + ^ 

= (0f-^)/2 + 0* (3.30) 
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Applied at the test particle, the term (4> R — 4>t)/2 of the last expression represents 
the (generalized) Dirac radiative damping force (/>,? acting on a particle radiating 
energy to space. It was shown by Dirac |3| for the electromagnetic case that the 
energy extracted from the emitting particle by this force corresponds exactly to 
the energy flux radiated away to infinity. The second term represents the retarded 
response field of the absorber. 

Adding to the response field the field emitted by the test particle itself one 
obtains finally for the total field 



Hot 



R + ^. (3.31) 



Thus the total field consists of the retarded potential of the test particle and the 
retarded response field of the absorber. 

Equations ( [3.30 ) and ( |3 .31 ) are in accordance with the classical time- 



asymmetrical picture of a test particle emitting radiation into space and an absorber 
emitting a retarded field in response to the test particle field - although the relations 
were derived using time-symmetrical interaction potentials only. The result is rather 
curious, as the only assumption introduced was that of complete absorption of both 
advanced and retarded fields by the absorbing particle ensemble, which in itself is 
not a time-asymmetrical hypothesis. In fact, it can readily be verified that the fields 
<j) R and 4> A can be interchanged in the above derivation, yielding (as pointed out by 
Wheeler and Feynamn) the equally valid result 



•Hot 



lA 



+ 4>f. (3.32) 



The resolution of this paradox is that, although not explicitly stated, the assumed 
absorption is, in fact, a time-asymmetrical process. This results in basically different 
structures of the advanced and retarded fields for later and earlier times relative to 
the perturbation time of the test particle. Thus although both eqs.( 3.31 ) and ( |3,32 ) 



are formally correct, the retarded and advanced fields appearing in the equations 
have quite different time-symmetry properties and different physical interpretations. 

The origin of the assumed absorption and time asymmetry was not discussed 
by Wheeler and Feynman. It was simply observed that a certain phase integral 
occurring in their first radiative damping derivation, which would otherwise have 
been indeterminate, converged if a weak damping term (breaking time symmetry) 
was introduced. Since the basic time asymmetrical statistical hypothesis underlying 
the phenomenon of absorption is fundamental for the understanding of radiative 
damping and irreversibility in general - including the question of whether time 
symmetry applies for the EPR experiment - we discuss this point in more detail in 
the following two sub-sections. 



Detailed derivation 

It may be assumed without loss of generality that the perturbation applied to the test 
particle is a 5-function in space and time, the general case following by superposition. 
For a (5-function input the retarded and advanced fields emitted by the test particle 
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appear in separate half spaces t > and t < 0. In accordance with eqs.( 3.14p , ( p. 16 ), 



the fields may be furthermore decomposed into spherical-wave Fourier components 
~ 0(±t) exp(A:r =p u^t). We consider first only the retarded wave component 

(c/>f/2L =: W R = Q(t)-expi(kr -ut). (3.33) 

r 

In response to the forcing of the retarded field 0^, the absorber particles emit a 
net response field 4> r , yielding a total field 4>tot = 4> R + 4>r- The response field can 
be represented again as half the sum of the advanced and retarded response fields, 
4> r = {4> R + (j)^)/2. Regarding the absorber as a statistical distribution of particles, 
the response field cp r can be furthermore decomposed into the sum 4> r = < 4> r > + 4>' 
of the statistically averaged field < 4> r > and a residual scattered field (j)' whose 
ensemble mean value vanishes. In this sub-section we shall be concerned only with 
the ensemble mean field (the coherent component). The evolution (anticipating 
in the use of this term already the later appearance of an arrow of time) of the 
incoherent scattered field will be considered in the following sub-section. 

The determination of the back-interaction of the absorber involves two steps: 
First, we note that the coherent component of the response field is (i) spheri- 
cally symmetric (we assume a spherically symmetric absorber), (ii) proportional 
to exp(— iu;t) and (iii) regular at r = 0. It follows that in the neighbourhood of 
r = the coherent component of the response field must have the form 

«j> r >= —( e ikr - e- ikr )e~ iujt . (3.34) 
2ir 

In the second step we determine the constant B by evaluating the field at r = 0: 

<<p r > r=0 = Bke~ iujt . (3.35) 

To compute < <p r > r= o we determine the total coherent field < (f>tot > propagating 
through the absorbing medium, evaluate the perturbations induced in the individual 
absorber particles by < (fitot > and then sum over the far fields generated by these 
perturbations at the location of the test particle. 

The total coherent field will be shown to have the general form 

C 

<4>tot>= — exp[i(kr - ujt) + i6(r) - /i(r)l, (3.36) 
r 

where C = const, 9(r) is the phase shift induced by the dispersion of the absorbing 
medium and fi(r) is the damping (anticipating here the result of the next sub-section) 
due to scattering into the incoherent field. 

The amplitude C is related to the amplitudes A and B by the condition that 
for r — > the retarded spherical wave < cfitot > is given by the sum of the retarded 
emitted wave and the outgoing component of the coherent response wave ( p. 34 ). 



Setting /i(r) and 9{r) = for r = (the variables are defined only up to arbitrary 
additive constants, which can be absorbed in the definition of C), we have 

C = A+^.. (3.37) 
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The dispersive phase shift and absorption arising from interactions with the 
particles of the absorbing medium follow from eq.( |3.3D , In the present non-tensorial 
notation, and generalized to an ensemble of particles j generating a single net field, 
the equation may be written 

{d x d x -(o 2 ) ( j )tot = -Y J I SI^6^(x-^(s))ds, (3.38) 
. Jtu 

where 51^ represents the perturbation of the coupling term Jw) induced by the 
field cptot- It can be expressed generally in the form 

tfltf) = R^Utou (3.39) 

where R^' is a response function. It will be assumed that R^> is real. This will 
be seen to be equivalent to the assumption that there is no absorption of radiation 
within the particles themselves. 

Substituting the response relation ( |3.39| ) into ( p. 38 ), the latter may be written 



{d x 8 x - u 2 )4> tot = -R<t>tot, (3.40) 

where 

R{x):=Y I R®6W(x-t®(8))ds. (3.41) 
JtU 

3 

The evolution equation for the coherent field component follows by taking the 
ensemble mean of eq.( |3.40| ): 

{d x d x -Co 2 ) <(f>tot>= - <R>«ptot> - <R'4>'> ■ (3.42) 

We ignore in this sub-section the second term on the right hand side of ( |3.42| ) . It will 
be shown in the following sub-section that the correlation between the incoherent 



fields R' and 4>' is of second-order and yields the damping term in eq.(3.36). 

Regarding the statistical particle ensemble as locally stationary and homoge- 
neous, the ensemble mean response factor <R> represents a slowly varying function 
of space and time which is proportional to the local particle density. Retaining then 
only the first term on the right hand side, equation ( 3.42| ) yields, for real <R>, the 
modified local dispersion relation 

to 2 =u 2 + kik { - <R>=:J£. (3.43) 

For small <R>, the perturbation 8k =<R> /2k induced in the local wavenumber 
for given frequency u> can be represented, as in ( |3.36| ), as a phase shift 8 in a wave 
with unperturbed wavenumber, where the local rate of change of the phase is given 

The mean interaction term — < R >< <p tot > on the right hand side of ( p.42|) 
not only modifies the local propagation characteristics of the coherent field, but also 
represents a source term generating retarded and advanced far fields. Our interest 
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is in the advanced far field at the location r = of the test particle, which is 
synchronous with the emitted retarded field of the test particle. Noting that the 
time-symmetric response at r = to a time-periodic, spatial 5-function source term 
6{x — xo) exp(— iuit) on the right hand side of ( 3.42[) is 

__}_tJkp i -ikp\ -iwt 
8tt/ + ' ' 

where p := |xo|, the net coherent advanced-field response at the location of the test 
particle is given by 

<(0 r )> r=o = ^e~ iujt J <R> e^-^dr. (3.45) 

Transforming from the integration variable r to 9' := 9(r)+ifi(r), applying (|3.44[) and 
assuming that the damping rate is small, dfj,/dr <C d9/dr, so that d9'/dr ~ d9/dr, 
but nevertheless finite, so that fi(r) — > oo for r — ► oo, the integration can be carried 
out explicitly. The response factor <R> cancels and one obtains 

<4» r =o = ikCe- iu>t . (3.46) 

From eqs. ( |3.46j ) and ( |3.35|) we find then 

B = iC, (3.47) 

so that, from eq. (|3.37 ), finally 

B = 2iA. (3.48) 

Comparing the original expression ( 3.33j ) for the emitted retarded field with the 
expression ( |3.34j ) for the coherent response field in the neighbourhood of the test 
particle, the outgoing coherent response component (relative to r = 0) is seen to be 
exactly equal to the emitted retarded wave ((/>,? /2) u = W R . Thus the net coherent 
outgoing field, consisting of the emitted retarded field and the outgoing component 
(relative to r = 0) of the advanced response field, is <j) R . The emitted advanced wave, 
on the other hand, is exactly cancelled by the ingoing component of the coherent 
advanced response field. Thus there exists no net advanced field. Although we have 
considered so far only the interactions of the absorber with the retarded wave of the 
test particle, our analysis is therefore completed: there exists no net advanced field 
which can interact with the absorber - provided the assumed time asymmetrical 
description of the absorption mechanism is valid. 

These results are in accordance with the classical radiation picture as derived 
in the previous sub-section. However, in contrast to the previous, apparently time- 
symmetrical derivation, the present detailed derivation demonstrates that the ingo- 
ing and outgoing response fields are not time symmetrical. In fact, they are exactly 
time anti-symmetrical, thereby yielding the desired time-asymmetry of the net fields 
(cf.Fig. P). 

Another aspect clarified by the present derivation is that the relations deduced 
in the previous sub-section from the property of complete absorption apply only for 
the coherent fields. The incoherent wave fields are not absorbed. In fact, it will 
be shown in the next sub-section that the energy of the coherent wave field is in 
fact also not absorbed, but is converted rather to incoherent wave energy, which - 
assuming no net wave energy loss in the system - is then radiated to infinity. 
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Figure 3.1: Emitted, coherent response and scattered fields in 
an absorbing medium. For a perfect absorber, the net advanced 
coherent response field reinforces the emitted retarded field by 
a factor of two and exactly cancels the emitted advanced field. 
The absorption of the fields is due to incoherent scattering by 
individual particles - an irreversible process responsible for the 
time-asymmetry of the net radiation. 



The damping mechanism 



We turn now to the origin of the absorption assumed in eq. ( 3.36| ). For simplicity, 



we use the WKB approximation: the coherent wave field is represented locally as a 
plane wave 

< <p tot >= ae i(ko.x-u, i) + c C) (3.4 9 ) 

where the amplitude a(x, t) and wavenumber ko are slowly varying functions of space 
and time. An index has been introduced to distinguish the discrete wavenum- 
ber and frequency of the coherent wave from the continuous wavenumber-frequency 
spectrum of the incoherent scattered field, and we have now included explicitly the 
complex conjugate terms, as required for the following nonlinear analysis. We re- 
gard the statistical properties of the particle distribution through which the coherent 
field propagates and the incoherent scattered field generated by the interaction of 
the coherent wave with the particle distribution as slowly varying in space and time. 
Thus, in accordance with the usual two-scale description, the fields can be charac- 
terized by variance spectra F(k, u>) = F(k, lo; x, t) representing a locally statistically 
stationary and homogeneous process which varies slowly with x and t. 
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We shall attribute the damping of the coherent wave in the following to scatter- 
ing. We could alternatively simply invoke absorption processes within the particles 
of the absorber themselves. These can be modelled by imaginary components in 
the response functions Ry\ which must then be assumed to have different signs for 
the retarded and advanced wave components (thereby introducing an irreversibility 
hypothesis). However, we prefer the scattering explanation. It applies generally for 
conservative interactions, is an inherent property of wave propagation in a micro- 
scopically heterogeneous medium, and illustrates more clearly the statistical origin 
of irreversibility. 

The damping arising from scattering is represented formally by the second-order 
correlation term in eq. ( ggp , which was neglected in the first-order treatment of the 



coherent field in the previous sub-section. For statistically stationary and homo- 
geneous fields and particle distributions, the random components appearing in this 
term may be represented by Fourier (strictly, Fourier-Stieltjes) integrals 

exp[i(k.x — u;t)]dkduj, (3.50) 




where, for real fields <p' , R' , 

^ = (3-51) 
Rku = #-k-ur (3-52) 

The expectation values of the Fourier components vanish, and the second moments 
are given by 

{ < 4> k . > | = I F*ck, U ) r (k - k )6{uj - ^ } (3 - 53) 

< 0k'ty<Aku; > = < Rk'cu'Rkcu >= 0, 

where i^(k,w), F R (k,uj) are the variance spectra of the fields <fi' , R', respectively. 

The Fourier component (j)^ w can be determined from the Fourier transform of 
eq.( |3,40j ). Invoking ( 3.49[ ) and ( 3.50j ) this yields, to lowest interaction order ||, 

0kw = — («-Rk-k 0i w-oj + a * R\i+1i ,u>+u) ){u 2 — io\) 1 (3.54) 



Applying ( 3.52j ),( |3.53D , we obtain then for the second-order correlation term in 



< (f) R' >= — oexp[z(ko.x — u>ot)\ [ — % —dkcLu + c.c. (3.55) 

J UJ Z -Ujf. 

Apart from the contributions from the singularities at the resonance frequencies 
uj = ±Wfc, which at this point are indeterminate, the integral is real. Thus the 
contributions from the non-resonance forced waves represent an additional higher 
order modification of the dispersion relation rather than a damping term, which 
should be imaginary. 

To determine the damping we must investigate the contributions from the reso- 
nance singularities. In scattering computations, it is usually assumed that the eigen- 
frequency u>k contains a small negative imaginary component, i.e. that the waves 
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are weakly damped. The integration path then passes close by but not through 
the singularity, and one obtains automatically the desired result that the expression 
( p. 55 ) represents a damping term. However, for the present discussion this is clearly 



a circular argument. To understand the origin of the irreversible damping we need 
to investigate more closely the nature of the resonant interactions. 

Physically, the resonance singularities are associated with a transfer of energy 
from the coherent wave field to the free-wave components of the incoherent field. 
To describe this process we must admit a non-local, non-stationary response in the 
neighbourhood of the resonance frequencies. Accordingly, we represent the spectrum 
of the incoherent scattered field more generally as the sum 

F*(k, u) = F*(k, u) + F*(k)5(uj - u k ) (3.56) 

of a four-dimensional local, stationary forced-wave contribution F^(k,u>), for 
wavenumbers and frequencies which lie off the dispersion surface, and a secularly 
changing three-dimensional spectrum F& for free waves, whose frequencies lie on the 
dispersion surface itself. 

To determine the secular change in the spectrum F^(k) (and the impact of 
the secular change on the damping expression ( p.55 )) we replace the representation 



( [3.50 ) for a statistically stationary, homogeneous field 4>' by the representation 

<f/ = J ^e^-^dk + c.c, (3.57) 

where </> k = </> k (x, t) consists generally of a superposition of stationary components 
at off-resonance frequencies and secular components at the resonance frequencies. 
The notation deserves a comment. In contrast to eq.( |3.50| ), the integral in ( p. 57 ) no 



longer extends over positive and negative wavenumbers and frequencies, but only 
over positive and negative wavenumbers, the frequency u k being prescribed on the 
positive branch of the dispersion surface. Thus the conditions ( |3.51 ) no longer apply, 



the secular contributions to the amplitudes </>' k and 4>'_ k representing independent 
free waves propagating in opposite directions. In contrast to the normal variance 
spectra F R (k,u), F*(k,w) and F (k,u;), the free -wave spectrum f£ is therefore 
not, in general, an even function, the spectrum representing the variance density of 
waves propagating in the +k direction. 

The evolution equation for the slowly varying amplitude </> k is obtained by sub- 
stituting the form ( 3.57 ) into ( p. 40 ), including now also the secular first derivative 



terms of the amplitude: 

d f 

2iio k — 0' k (x, t) = - J (aflk-k,,,^ + a*# k+ko ,^ )e^ fc - w) ' du, (3.58) 

where 

d d ^ ki d d ^ d 

ds dt u>k dxi dt 1 dxi 
and Vi = Vi(k) is the group velocity of the free wave of wavenumber k. The integra- 
tion of (|3.58[ ) along a characteristic x l = Xq + sv 1 , t = to + s, with initial amplitude 
k (x o ,to) = 0k at s = 0, yields 

0' k (x, s) = k + 7^- J \aRk- ko>UJ - m + a*R k+k0)U1+UJ0 )A(u - u; k , s) du, (3.60) 
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where 



A(u-u k ,s) :-- 



1{UJ 



(3.61) 



In contrast to the stationary solution (|3.54|) , the solution ( 3.60| ) has a finite 
response ~ s at the resonance frequency co = uj k . However, the assumption that the 
amplitude ^(x, t) is slowly varying, so that only the secular first derivatives needed 
to be retained in eq.( |3.58D , is clearly valid only for frequencies in the neighbourhood 
of the resonance frequency. Equation ( 3.6C| ) therefore applies only for near-resonance 
frequencies, the response at off-resonance frequencies being described as before by 
the stationary solution ( |3.54| ). The integral over the frequency in ( |3.55 ) can be 
divided accordingly into a resonance contribution from a narrow frequency band 
ujk — e < u) < + e, where e is small, and the remaining non-resonance integral. 
The non-resonance contribution represents the principal value of the integral ( [3. 55 ) 
and is real, yielding a second order perturbation of the dispersion relation. The 
resonant contribution will be shown to yield the imaginary part responsible for the 
damping. 

To evaluate this contribution, we note that in the integration across the resonance 



frequency, the response relation ( 3.61 ) can be replaced for large positive s by the 
asymptotic relation 

A(lj, s) = ir5(id) for s — > oo. (3.62) 

In deriving the response ( |3.60|) , it was assumed that the slowly varying amplitudes 
a and could be regarded as constant. Thus the relation is valid only for a 

finite s interval. We assume nevertheless that the amplitudes change so slowly 
that s can still be chosen sufficiently large that the asymptotic response relation 
( [3.62 ) can be applied. Computing the correlation < <ft'R' > under this two-timing 
approximation, and assuming that the initial free-wave and scattering amplitudes 
i?(k, u) and <p'£, respectively, are uncorrelated, we obtain then as the resonant- 
interaction contribution: 

< 4> R' >res = 

- — \ a exp[i(ko.x — uiot)] / -^(k — ko, uj — ojq)5{uj — oJk)dkduj — 

— a* exp[— i(ko.x — uiot)] J F R (k + ko, lj + ujq)5(uj — w/JdkcL; j . (3.63) 



Comparing eqs.( 3.63j ), ( 3.36 ) and ( |3.42| ), this is seen to correspond to a positive 
differential damping coefficient 



dfi(r) 
dr 



7T 



F (k — ko,cj — ujq)5(oj — uJk)dkduj. 



(3.64) 



How has the arrow of time entered in this derivation? Clearly, in the assumption 
that the scattering amplitude i?kw and the initial scattered free wave amplitude 4>® 

with 

— oo, 



are uncorrelated, and that it was appropriate to take the asymptotic form 
s — > +oo for the resonant response. If we had taken the opposite limit s 



the right hand side of ( 3.62| ) would have taken an opposite sign, and we would 
have obtained, under the same hypothesis of no correlation, a negative damping 
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coefficient. If our results are assumed to be valid for an arbitrary initial eigentime sq, 
so that the slow- eigentime derivative cannot have a cusp at sq, this is a contradiction. 
It follows that our basic hypothesis that the amplitudes R^^ and <fi® are uncorrelated 



must be wrong. If we wish to maintain the result ( 3.64 ), we must invoke the basic 
Boltzmann- Gibbs time-asymmetrical hypothesis that it is permissible to regard the 
amplitudes as uncorrelated when computing the evolution of the field forwards in 
time, but not when attempting to reconstruct the past. 

Within the framework of a local two-timing derivation, as presented here, the 
Boltzmann-Gibbs hypothesis cannot be justified beyond the intuitive argument that 
it appears reasonable to assume that the incoherent free wave components entering 
a local scattering region are initially uncorrelated with the scattering field, a correla- 
tion developing only in the course of the interaction. But this is, of course, a circular 
argument, as it presupposes intuitively an arrow of time. However, by extending 
the analysis from a local to a global time frame, it has been shown by Prigogine 
||, through integration of the interaction equations to arbitrary order in slow time, 
that the Boltzmann-Gibbs hypothesis can be derived from the assumption that at 
some distant time in the past the interacting fields were genuinely uncorrelated. 
The existence of an the arrow of time for all later times is thus a consequence of a 
specially 'prepared' initial state. 

The damping of the coherent wave is accompanied by a corresponding growth of 
the free-wave component F^(k) of the incoherent wave spectrum. Applying ( p. 53 ), 



( gjD and fjp , we find 

dF ! (k) = AH 2 [[F R {k-k ,LO-L0 )+F R {k + k ,LU + LJ )}5{LU-LU k )dlU. (3.65) 

as 2uof, J 

Integration of the transport equation (3.65) for the free-wave spectrum of the 



incoherent scattered field, in conjunction with the coupled propagation equation 
for the damped coherent wave field, yields a spherically symmetrical scattered-wave 
spectrum which initially grows with distance r from the emitting test particle and 
then, when the coherent wave amplitude which generates the scattered field has 
been sufficiently attenuated, decreases again, decaying asymptotically as r~ 2 . The 
total outward radiated energy of the coherent and incoherent field remains constant, 
the energy flux being slowly transferred from the coherent wave to the incoherent 
wave field. The inclusion of higher order scattering processes (interactions between 
incoherent waves) modifies the incoherent wave spectrum towards a more isotropic 
distribution, with a resultant slower decrease of the energy level of the scattered field, 
but has no impact to lowest order on the distribution of the net outward radiation 
between the coherent and incoherent fields. 



Homogenization 

From the point of view of time-symmetrical particle interactions, it appears more 
appropriate to speak of 'homogenization' rather than radiative damping: the inter- 
actions of any given test particle with an ensemble of other particles leads in general 
- in accordance with the second law of thermodynamics - to a redistribution of en- 
ergy between all particles towards a statistically uniform distribution. The radiative 
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damping of the test particle and the associated 'heating' of the particle ensemble 
considered in the previous sections represent only one side of this homogenization 
process. The complementary side is the heating of the test particle by the radiation 
from the particle ensemble. This is ignored when focussing on the radiative damping 
mechanism. However, in the asymptotic homogeneous thermodynamic equilibrium 
state, both transfer processes balance: there is no net 'radiative damping'. 

It is of interest to speculate on the relevance of this homogenization process 
for the open questions regarding the origin of the discreetness and uniqueness of 



the particle spectrum discussed briefly in the last sub-section of Section |L4] It is 
conceivable that the coupling between similar metron particles with initially slightly 
different nonlinearity levels (and therefore de Broglie frequencies) through their de 
Broglie far fields results in the equalization of the particle energies and frequencies. 
However, the homogenization process is complicated by the fact that an effective 
coupling occurs only when the particles are close to resonance, i.e. when the de 
Broglie frequencies lie within a narrow frequency band whose width is determined 
by the Doppler broadening associated with the statistical particle motions. 

Nevertheless, regardless of the details, it appears reasonable to assume that for 
the high-frequency de Broglie far fields, statistical homogenization is achieved very 
rapidly, so that radiative damping through the de Broglie far field does not in fact 
arise M. 



3.4 The EPR paradox and Bell's theorem 

We turn now to the application of these results to the Einstein-Podolsky-Rosen 
experiment. The EPR gedanken- experiment was originally proposed ^ to high- 
light a general concern regarding the quantum theoretical measurement concept, in 
which a spatially distributed state function is suddenly collapsed at the instant of 
measurement. This appears inconsistent with the finite speed of propagation of in- 
formation. The EPR experiment is perhaps the best known example of a number of 
gedanken-experiments which have been proposed to illustrate the paradoxes which 
this can lead to. In the usual Bohm version of the EPR experiment, a zero- angular- 
momentum state decays into two spin 1/2 particles with opposite but unknown spin 
orientations. A measurement of the spin of one particle will then immediately pro- 
duce a change in the state not only of that particle, but also of the other particle, 
since its spin is now also known, even though the two particles have space- like 
separations and are therefore not causally connected. 

It is nevertheless just this experiment which is normally cited, in the context of 
Bell's well known theorem, as proof that it is impossible to construct a deterministic 
microphysical theory which is consistent with experiment. Bell || has shown, under 
very general conditions, that for any deterministic (hidden-variable) model of the 
EPR experiment, in which the outcome of the two spin measurements is predeter- 
mined at the time of emission of the particles by some unknown (hidden) parameter 
A, the covariance function C(a, b) =< S1S2 > of the values s\,S2 of the spins of 
the two particles measured (in units of h/2) by Stern-Gerlach magnets pointing in 
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directions a and b, respectively, must satisfy the inequality 

|C(a.b) - C(a, c)| < 1 + C(b, c). (3.66) 
This contradicts the quantum theoretical result [[!(]] 

<s lS2 > = -a.b (3.67) 
The quantum theoretical prediction has been verified for an alternative version 



of the EPR experiment [11], in which the spin-1/2 particles are replaced by a pair 
of photons emitted in an atomic cascade process and the Stern-Gerlach magnets by 
polarization filters. 

It was already stressed by Bell, however, that an essential although seemingly 
self evident assumption of his theorem is (forwards) causality (or 'locality', in the 
terminology of Bell). It is assumed that for each particle the measured spin depends 
on the common hidden variable A and the orientation of the Stern-Gerlach magnet 
used for the spin measurement of that particle, but is independent of the orientation 
of the other Stern-Gerlach magnet (cf. Fig. |3.2| a). This assumption is incompati- 
ble with time-symmetry, a basic property of the metron model. The possibility of 
circumventing Bell's theorem with general time-symmetrical models has also been 



discussed in some detail by de Beauregard |12[ and Dor ling [13 ]. 

Time-reversal symmetry requires in the case of the EPR experiment that the 
interactions involved in the emission and measurement processes of an individual 
event must have the symmetrical structure indicated in Fig. |3.2[ b. This is clearly 
incompatible with the decoupling of the two measurement processes assumed by 



Bell (Fig |3.2| a). For the two-photon version of the EPR experiment, Dorling [13] 
has pointed out that a time-symmetrical interpretation of the EPR experiment is 
readily available in the Wheeler and Feynmann distant-interaction theory of elec- 



tromagnetism (cf. Sections 3.2, 3.3). By replacing the standard retarded potentials 
by time-symmetrical advanced and retarded potentials, the distinction between par- 
ticles which emit and absorb photons is lost except in the geometrical, non-causal 
sense of indicating the relative locations of electromagnetically interacting particles 
on the two separate light cone branches. This yields naturally the time-symmetrical 



interaction picture of Fig. 3. 2b. 

Essentially the same picture applies also for the more general interactions in- 
volved in the metron model. For the metron interpretation of the EPR experiment, 
the details of the model are not important. Relevant is only that the particle trajec- 
tories, spin orientations and interaction fields are determined by the variation of an 
action integral over space and time which contains in addition to the particle trajec- 



tories the time-symmetrical particle far fields [14]. The symmetrical occurrence of 
forward and backward potentials implies that the solution of the variational problem 
cannot be determined in the standard manner by forwards integration in time, but 
only through a non-separable space-time integral analysis. The basic assumption 
in our interpretation of the EPR experiment is that the measurement process does 
not involve irreversible statistical interactions with a distant absorber, which, as 
discussed in the previous section, would give rise to an arrow of time, but depends 
only on the direct, time-symmetrical interaction between the emitting system and 
the measurement apparatus. 



a) 
b) 

f a X a -I b jy 



c) 




\ interaction 

Figure 3.2: Relation between (a) causal and (b) 
time-symmetrical picture of EPR experiment and 
corresponding one-particle experiment (c) 



To recover the experimentally verified quantum theoretical result for the EPR 
spin correlations, we need in addition two further assumptions. The first states that 
if a single particle travels from a region with a magnetic field in the direction b, 
with its spin aligned parallel or anti-parallel to b, into a region with a magnetic field 
in the direction a, in which the spin is realigned parallel or anti-parallel to a, the 
correlation of the spins is given by the quantum theoretical relation < s a Sfr >= a.b 
(Fig |3.2| c) . The relation is symmetrical in a and b and clearly satisfies the condition 
of time symmetry. It implies a statistical assumption regarding the probability 
distribution of the particle's hidden variable A, which governs which of the different 
possible spin polarizations is actually realized in a given particle trajectory (in the 
metron model, A has many components representing the polarizations and phases of 
the internal particle fields) . The hidden variable may be associated with the particle 
state at the beginning or end of the trajectory (or at some point in between), but 
necessarily characterizes the trajectory as a whole: the A sub-set associated with a 
particular spin-sign combination changes if either a or b is changed. 

The second assumption concerns the internal hidden variables Ai, A2 of the two 
EPR particles at the time to of emission. It is assumed that the hidden variables 
are 'conjugate', A2 = Ai, in the sense that the trajectory of particle 2, as defined by 
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A2, is identical to the backwards extension (t < to) of the trajectory of particle 1, as 
determined by Ai, in all respects (including internal particle properties) except for 
a sign reversal in time and spin. This is clearly the simplest internal symmetry hy- 
pothesis which conserves angular momentum and ensures that the spins are exactly 
anti-correlated, as observed, when both magnets are aligned, a = b. 

Comparing the single-particle case (Fig |3.2| c) with the EPR two-particle geome- 
try (Fig |3.2| b), the only difference is seen to lie in the replacement of the backwards 
trajectory (t < to) of particle 1 in the single-particle case by the conjugate trajectory 
(t > to) f° r particle 2 in the EPR case. If the internal variable Ai defines a spin 
value Sft(l) for particle 1 at the Stern-Gerlach magnet b in the single-particle case, 
the conjugate internal variable A2 = Ai for particle 2 in the EPR case must define 
a spin S{,(2) = — s&(l). It follows that the EPR two-particle experiment must yield 
exactly the same correlation for the spins measured at the Stern-Gerlach magnets a 
and b as the one-particle experiment, except for a sign change - in agreement with 
the quantum theoretical result. 

This straightforward time-symmetrical hidden-variable interpretation of the 
EPR spin correlation result is clearly very close in spirit to the equally simple 
standard quantum theoretical derivation, in which the two-particle problem is also 
effectively reduced to the one-particle case. It suggests that despite considerable dif- 
ferences in the basic concepts, there exists in practice a rather close correspondence 
between metron-model and quantum-theoretical computations. This will be demon- 
strated further in the dicussion of wave-particle duality in the following sections. 
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3.5 Bragg scattering 



Wave-particle duality 

Although it has been shown in the previous section that the time-reversal symmetry 
of the metron model circumvents the fundamental conflict of deterministic hidden- 
variable theories with quantum theory expressed by Bell's theorem, it remains to be 
demonstrated that the metron model is in fact able to resolve the basic wave-particle 
duality dilemma which was the motivation for the creation of quantum theory in 
the first place. 

As outlined in Part |], the simultaneous occurrence of wave-like and corpuscular 
phenomena is explained in the metron model by the existence of periodic 'de Broglie' 
far fields for all finite- mass particles. Although the forces exerted directly by the 
de Broglie fields vanish in the mean and therefore have no impact on the mean 
particle motions, mean forces can arise at higher order through interactions involving 
scattered de Broglie waves. These are generated whenever a particle interacts with 
another object. The interaction between a scattered de Broglie wave and the internal 
periodic field of the particle kernel, which represents the source of the de Broglie 
far field, can result in mean forces which affect the particle trajectory. The mean 
forces are modulated by the interference patterns of the scattered wave fields, giving 
rise to similar interference patterns in the particle distributions. The mechanism is 
illustrated in this section for the case of Bragg scattering. In the following sections it 
is shown that interactions with scattered de Broglie waves explain also the existence 
of discrete atomic states. 



Wave-particle resonance in Bragg scattering 

<?.> 



Consider a particle (i) with constant velocity uf-\ impinging on a periodic lattice. As- 



sume that the particle has a periodic de Broglie far field ~ 9lm ex P(^i wnose 

wavenumber four-vector k^ = WquS* satisfies the de Broglie free-wave dispersion 
relation 

k®kfc = -ul (3.68) 

where ujq is the particle mass |l5| . The interaction of the incident field g^ M with 
the individual elements of the periodic lattice generate a scattered de Broglie field 
9lm wnose wavenumber k^ satisfies the Bragg scattering condition for constructive 
interference, 

A .W =fc C0 +fc (0 > (a.89) 

where fcl is one of the periodicity wavenumbers of the lattice (i.e. an integer linear 
combination of the fundamental wavenumbers which define the lattice structure). 
To repre 
relation 



(s) 

To represent a propagating de Broglie field, k\ must satisfy the free- wave dispersion 



k{ s) tf s) = -ul (3.70) 

For a three dimensional lattice, the conditions ( 3.69| ), ( |3.70| ) can be satisfied simul- 
taneously only for particular 'glanz' incidence and scattering wavenumbers, while 



88 



for two dimensional surface scattering lattices (where the lattice wavenumber com- 
ponents in the direction orthogonal to the lattice plane represent a continuum), a 
set of discrete Bragg scattering directions exists for any incident wavenumber. 

The interaction of the metron trajectory with its scattered field can be treated 
using the same formalism as developed in Section 2.5. The relevant action integral 



describing the coupling is the line (tube) integral ( 2.90 ). The only difference relative 



to the analysis of Section 2.5 is that <L>, the integral of the Lagrangian density 
across the three-dimensional tube cross-section of the particle in the particle's rest- 
frame, is regarded now as modified not by the mean far fields of other particles, but 
by the scattered de Broglie far field of the particle itself. The relevant de Broglie 
contribution L^b to < L > is governed by the interaction between the scattered far 

(s) 

field g L li and the near-field component of the particle's de Broglie field. 

In the particle rest frame, the frequency of the de Broglie near-field is Uq, while 

(s) 

the frequency of the scattered far field g LM , measured at the position of the particle 
in the particle's restframe, is given by the 'frequency of encounter' 



We :=-4 S Vo), (3.71) 

where is the local velocity of the outgoing particle after the scattering event. If 
uj e differs from the intrinsic particle frequency loo, the interaction of the scattered de 
Broglie field with the de Broglie field of the particle kernel will yield an oscillatory 
contribution to < L > which has no impact on the mean particle trajectory. However, 
in the case of resonance, ujq = uj e , mean forcing terms result which can affect the 
particle trajectory. 

The resonant interaction condition tu e = luq yields a condition on the direction 

is) 

of the scattered velocity u x . Denoting the direction of the scattered wavenumber 



by , so that, from ( 3.70| ), 

k{ s) =: u; v[ s \ (3.72) 
the condition ujq = u> e implies, from ( |3.71| ), 

v{ s) uf 0) = -1. (3.73) 

This can be satisfied for two normalized subluminal vectors v, u with v\v x = u\u x = 
— 1 only for v = u. Thus the scattered particle is in resonance with its scattered de 
Broglie wave if and only if it propagates in the same direction as its scattered wave, 



1 16]: 



,(0) _ , (s), -1 



fcj>o ■ ( 3 - 74 ) 
Consider now the dependence of Ljb on the particle trajectory. Regarding the 
incident section of the trajectory as fixed, the dependence on the scattered section of 
the trajectory takes the form of a sequence of (^-functions: L^b effectively vanishes 
except for a discrete set of values of the particle velocity which satisfy the wave- 
particle resonant interaction condition ( [3.74 ). The sharp resonant extrema in the 



Bragg directions act as potential energy canyons which will tend to trap the particles 
in these preferred directions after they have been scattered. 



A Bragg scattering model 

To investigate the trapping mechanism in more detail, some assumptions must be 
made regarding the de Broglie interaction Lagrangian. If the coupling between the 
scattered de Broglie (fermion) far field tp^ and the intrinsic de Broglie field ip^ of 
the scattered particle is mediated by a bosonic field V x of the scattered particle, the 
de Broglie interaction Lagrangian can be assumed to be given, in accordance with 



the Maxwell-Dirac-Einstein interaction Lagrangian, cf. Section 2.4, and the more 
general fermion-boson interactions considered later in Part ||, by an expression of 
the general form 

L dB = const s h\ <^ {o) V x > + c.c, (3.75) 

where the cornered parentheses < . . . > denote the integral over the particle core in 
the particle's rest frame (cf. Section |2^) and the adjoint scattered wave is given by 



ij {s) exp[i(4 S V)], (3.76) 

with constant (or slowly varying) amplitude i/)q . For an isotropic particle, V x is 
parallel to u x , so that 

< ^)yX > = ^(0)^ (_ 5vn A nM) -l/2 exp[ia;os]! (3 . 77) 

where tp^ is again a constant (or slowly varying) amplitude factor. Thus 

W dB = f %(- V V) 1/2 ^=/ a'W x u x e iS ds + c.c, (3.78) 

where 

W x :=i4 s) lx ^\ (3.79) 
S := k[ s) x x +uj s, (3.80) 

and a' is a complex coefficient. The slowly varying amplitude of the scattered field 
can be regarded as included in the definition of a' (the dependence of a' and other 
slowly varying factors on x will be neglected anyway in the following compared with 
the derivatives of the more rapidly varying exponential factor). For simplicity, the 
dependence of the coupling vector W\ on the velocity u x Q ^ , which could affect the 

relative spin orientations of ^>q and wm also be ignored. 

Variation of the action integral (|3.78j ) with respect to the particle trajectory for a 
given scattered field (noting that the particle phase function ujqs must be replaced by 
the normalization-free form loq /(— gx^v^u^) 1 / 2 ds when carrying out the variation) 
yields the trajectory equation 

du x ^/ds = {F x +G\)u^ Y (3.81) 

where represents the mean field producing the particle scattering at the lattice 
(for example, an electromagnetic field) and G x ^ is the de Broglie interaction field, 
given by 

G\ := i a {W^ - u Q uf 0) ) - W x {k^ - ^ 0) )} e iS + c.c, (3.82) 
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with a complex constant a. The de Broglie interaction field can be represented in 
terms of the de Broglie interaction potential B\, 

G\ := 8 x B, t - d^B\ (3.83) 

where 

B x -=aW x e iS + c.c. (3.84) 
and the phase ( |3.80| ) is given in the neighbourhood of the scattered particle by 

5 = k[ s) x x - uj uf ) x x + const (3.85) 

Resonance of the trajectory of the outgoing particle with its scattered field occurs 
if dS/ds = 0, i.e. if 

«(o)=«W=*wM- ( 3 - 86 ) 
For dS/ds ^ 0, the field B\ is oscillatory and does not significantly affect the mean 
particle trajectory. 

Substituting ( |3.86| ) into ( p. 82 ), the de Broglie force (acceleration) 

A x := G>f Q) (3.87) 

is seen to vanish in the resonance direction itself. For a small velocity perturbation 
5u x about the resonance direction, 

uf 0) =v^ + 5u x , (3.88) 

the perturbation force is given, to lowest order in 6u x , by 

5A X = -(35u x , (3.89) 

where 

P := 2Wf,u^ Q) Re{iaexpi(S + 5S)}, (3.90) 
So is the initial phase at s = 0, and use has been made of the relation 

5u x v[ s) = -hu x 5u x 0, (3.91) 

which follows from the normalization of u x Q ^ and v x s y The phase perturbation is 
given by 

6S = J" du^ 0) du[ 0) ds. (3.92) 



Although of second order, this is retained in ( |3.90| ) as a potentially rapidly oscillating 
term which determines the resonance width of (3. 

Since the perturbation force is parallel to 5u x , it will act initially as a pure 
restoring or amplifying force, depending on the sign of Po := (3(s = 0). 

For positive @o (restoring force), the velocity will relax back exponentially to its 
resonance value u x Q ^ . If the deviation from the resonance trajectory occuring during 
this relaxation process is small, the change occuring in (3 during the relaxation 
process can be neglected. If (3q is negative, however, 5u x grows exponentially. In 



91 



this case f3 cannot be regarded as constant. As 5u x grows, the phase perturbation 
5S grows, leading after some time to a change in sign of (5. When this occurs, the 
perturbation begins to decay again exponentially. If the change of phase during the 
decay phase is not large enough to cause another change in sign of (3 back to the 
unstable state, the velocity becomes trapped at its resonant value. Thus the net 
effect of the initial unstable state is simply to cause a small displacement of the 
particle from its initial position on a potential ridge to the neighbouring potential 
valley. If the initial perturbation 5u x is sufficiently large, however, the particle 
does not become trapped but retains its original finite velocity perturbation, with 
superimposed fluctuations as the particle passes through successive potential valleys 
and ridges. 

The trapping condition can be readily determined by integrating the coupled 
equations for 5u x and 5S. Setting E = 5u^5u\/2 (which for small 5u x is always 
positive), and ignoring the non-de Broglie forces, equations ( |3.89| ), ( |3.92|) yield the 
coupled equations 

dE/ds = -jE cos{5S + ip), (3.93) 



d5S/ds = - lo E, (3.94) 



with initial conditions 



E = E , 5S = for s = 0, (3.95) 
where the (real) constants 7 and tp are defined by 

7 exp(iip) := 2 iaW^u^ exp(i5o). (3.96) 

From equs. ( 3.93| ), ( p. 94 ) one can immediately derive the first integral 



E - -2- {sin(<55 + ip) - sin ip} = E , (3.97) 

which can be used to eliminate E in the phase equation, yielding 

d5S/ ds = — uiq Eq + 7 sin (p — 7 sin (55 + ip) . (3.98) 



Equation ( 3.98] ) can be integrated in closed form. However, without writing down 



the result explicitly, it can be seen that the solutions are trapped, with E — > for 
t — ► 00, if 

B :=lu E /j -simp < 1 (3.99) 
and indefinitely oscillatory otherwise. For if inequality ( |3,99 ) is not satisfied, 



eq.(pg) implies that d5S/ds < 7(1 - B) < for all values of 5S. Thus 5S de- 



creases monotonically with s and E, according to ( 3.97 ), will oscillate indefinitely. 
On the other hand, if ( |3.99| ) holds, 5S approaches an equilibrium solution 55^ 
defined by 

sm(<55oo + ip) = — B. (3.100) 

Equation ( |3.100| ) has two solutions in the range < <55oo < 2ir. One of these is 
unstable, corresponding to a position on the top of a potential energy ridge, while 
the other is stable, representing a position at the bottom of a potential energy valley. 
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If we combine now the resonant interactions with the non-de Broglie forces pro- 
ducing the scattering of the particle at the lattice, we may expect the latter to 
produce a continual deflection of the particle as it passes by a lattice element until 
the direction of the particle's velocity happens to be sufficiently close to a Bragg 
scattering direction for the inequality ( |3.99| ) to apply. At this point the particle will 
become trapped in the Bragg scattering direction by the resonant de Broglie forces. 

Into which of the possible discrete Bragg scattering directions any given inci- 
dent particle is actually scattered depends not only on the resonant field-trajectory 
interaction, but also on the forces exerted on the particle when it passes close to 
an element of the lattice. This will depend on the sub-lattice-scale details of the 
particle trajectory. In practice, these details cannot be known well enough in ad- 
vance to predict the outcome of any single particle scattering event. Thus although 
the basic microphysical equations are deterministic, scattering experiments can in 
fact be predicted only statistically. This is consistent with the quantum theoretical 
result, but the origin of the indeterminacy is explained now in the standard terms 
of classical statistical mechanics. 

A quantitative analysis of the statistical distribution of the scattered particles 
resulting from the resonant trajectory-trapping mechanism requires a more detailed 
specification of the metron model than is possible in the present paper. However, it is 
qualitatively clear that the scattered particle distribution will correspond in general 
appearance to the scattered wave distribution. Nevertheless, it can be anticipated 
that computations of the scattered trajectories of an ensemble of incident particles 
within the framework of the metron model will not map one-to-one onto the corre- 
sponding quantum theoretical wave scattering computations, but will yield relative 
intensities for the different Bragg scattering beams which differ in detail from the 
standard quantum theoretical results. Bragg scattering experiments should therefore 
provide a good test of the metron model. This may not be entirely straightforward, 
however. Quantitative verifications of quantum theory using particle diffraction data 

- beyond the verification of the essentially kinematical Bragg scattering conditions 

- have proved notoriously difficult [18|. Normally, measured diffraction intensities 
are used in the inverse modelling mode to reconstruct the unknown lattice scatter- 
ing potentials. A conclusive discrimination between the two theories will require 
independent information on the lattice scattering properties. 
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3.6 Atomic spectra 



The metron approach 

The most impressive quantitative success of quantum theory is undoubtedly the 
explanation of atomic spectra by quantum electrodynamics, in particular the highly 
accurate prediction of the hydrogen spectrum. Can the metron model reproduce 
these results? 

At first sight it appears unlikely that a discrete particle theory should be able 
to yield the same results as a continuous field theory. However, as in the case of 
Bragg scattering, a close correspondence between the metron model and quantum 
theory can be established also in the case of atomic spectra, since the metron model 
describes not only discrete particles and field-particle coupling, but also nonlinear 
interactions between fields alone. It was shown in Section |2.4| that the fermion- 
electromagnetic sector of the metron field-field interaction equations are identical to 
lowest order to the standard coupled Maxwell-Dirac field equations of quantum elec- 
trodynamics. The field-trajectory interactions of the metron model, on the other 
hand, have no counterpart in QED. However, they exhibit an interesting corre- 
spondence to Bohr's original orbital theory: the conditions for resonant field-orbit 
coupling will be found to be essentially the same as the quantum orbital conditions 
of Bohr. The resonant field-orbit interactions give rise to an additional force (cur- 
rent) which balances the radiative damping of the orbiting electron, thereby also 
resolving the classical dilemma that an orbiting electron does not represent a sta- 
ble steady state. It is of interest in this context that the existence of particle-like 
atomic states corresponding to electrons travelling on Kepler orbits has recently 
been demonstrated using picosecond pulse technology fll9|| , although the results can 



be explained also in the standard quantum theoretical picture [20]. 

The solutions of the metron field-field interaction equations for the scattered 
de Broglie field of an electron in the Coulomb field of a nucleus are just the stan- 
dard Maxwell-Dirac eigenmodes, which are forced in the present case, however, by 
additional field-particle interaction terms. The eigenmodes in turn determine the 
conditions under which an electron can become trapped in a stable orbit of the 
coupled electron-nucleus system. Once the eigenmodes of the field-field interaction 
equations have been determined, the computation of the associated electron orbits 
from the field-orbit coupling can be treated as a second independent problem. Thus 
at the lowest interaction order, the metron computation of the stable states of the 
interacting electron-nucleus system reduces essentially to the standard eigenmode 
problem of QED at the tree level. It remains to be investigated whether the metron 
computations reproduce the observed atomic spectra also at higher order, where the 
details of the metron and QED computations differ. 



Atomic field interactions 

To derive the field-interaction relations, let the total field of the interacting nucleus- 
electron system be represented generally as the superposition (suppressing tensor 
indices) 

9tot = 9n + 9e + 9int (3.101) 
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of the fields g n , g e of the nucleus and orbiting electron, respectively, and the in- 
teraction field gi n t. The fields g n and g e are defined as the fields which would be 
associated with each particle for a given position of the nucleus and given electron 



orbit if there were no interactions with the other particle. From Section 2.4 it follows 



that the interaction field gi n t is determined generally by an equation of the form 

D(g in t,gn) = Fi{g e ,g n ) +F 2 (g n ,g e ) + F 3 (g e , g n , g int ), (3.102) 

where D denotes a linear differential operator acting on gi n t that describes the 
propagation of the field gi n t in the presence of the distortions of the background 
metric caused by the nucleus field g n , and F\, F 2 and F3 represent forcing functions 
describing, respectively, the first order scattering of the field g e at the nucleus, the 
first order scattering of the field g n at the orbiting electron, and higher-order field- 
field interactions. 

It was shown in Section that if the nucleus field g n consists of an electro- 

— (n) 
magnetic mean field, described by a mixed-index tensor g\^, the propagation of the 

fermion component of the interaction field g% n t, represented by a periodic harmonic- 
space tensor g^f 1 , is given to lowest order by the Dirac equation in the presence of 
an electromagnetic field. Thus the homogeneous equation 

D{g M ,g n ) = (3.103) 



reduces to the QED eigenmode equation for an electron in a Coulomb field (regarded 
here as a classical field equation rather than an operator equation). 

Solutions of the coupled field and orbit equations can be constructed by standard 
iteration methods. Starting from the first-order Kepler orbit of the electron in the 
presence of the first-order (Coulomb) nucleon field g n 1 ^ , the lowest-order interaction 
field gi n t can be computed by solving the inhomogeneous eq. ( |3. 102 ) with forcing 



terms Fx, F 2 determined from the quadratic interaction of the first order fields 
g n 1 ^ and g^ (where g^ is taken as the time-symmetric non-radiating field). The 
procedure can then be iterated using higher-order orbit and field approximations 
and higher-order coupling terms in the forcing functions Fx, F 2 and F3. 

Apart from possible divergences in the expansion procedure - which will not be 
investigated here - this straightforward approach breaks down when the inhomo- 
geneous eq. ( E.102D is forced in resonance. If the forcing frequency is equal to the 
eigenfrequency of one of the normal modes of the homogeneous eq.( [3.103| ), a sta- 
tionary solution does not exist and the expansion procedure must be modified. It 
will be shown, in analogy with the wave-trajectory resonance phenomena in the case 
of Bragg scattering, that these resonant solutions represent stable states into which 
all solutions will slowly drift if exposed to external perturbations. 

Field-orbit interactions for a circular orbit 

The behaviour of the solution in the neighbourhood of a resonance can be investi- 



gated by expanding the field gt n t with respect to the eigenfunctions i/j p of (|3.103|) 



gint = fl p(*) Vv( x )> (3.104) 
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where the coordinates x, t = x 4 refer to the restframe of the nucleus, and for the 
present qualitative discussion tensor and spinor indices and the polarization relations 
between the Dirac field tp p and the metric tensor have been suppressed. 

The evolution of the amplitudes a p of the individual modes can be determined by 
projecting the inhomogeneous equation ( |3.102| ) onto the eigenfunction ip p . Noting 
that the interactions between the emitted de Broglie field of the electron and the 
mean field of the nucleus at either of the two particle kernels yields a forcing function 
F\ or Fi which exhibits the periodicity of the de Broglie wave, modulated by the 
more slowly varying dependence on the position of the electron along its orbit, one 
obtains then an equation of the general form 

(d/ dt -ioj p )a p = i p (t)exp[iS(t)} =: f p (t), (3.105) 

where ui p is the eigenfrequency of the mode p, S(t) denotes the phase function of the 
(quasi-periodic) de Broglie field of the orbiting electron and 7 p (i) is a modulation 
factor which depends on the position x = £(t) of the electron on its (given) orbit 
and thus exhibits the periodicity of the electron orbit. The local frequency of the 
de Broglie wave in the restframe of the nucleus is given by 

co = dS/dt = dS/ds (u 4 ) -1 = oJ e (u 4 y\ (3.106) 

where u x = dx x /ds is the electron velocity with respect to the electron eigentime s 
and u e is the electron frequency (rest mass). 

The net forcing function f p (t) can be represented as the product of a forcing 
term with the central frequency 

o ■= r _1 {5(t + r) - s(t)} 

= uJeT- 1 [ T [^(t)]- 1 dt (3.107) 
Jo 

and a slowly varying modulation factor which is periodic with the orbital period T: 

f p (t) = 7 p (t) exp(i8S) exp(iQt), (3.108) 

where 

5S(t) := {S(t) - S{0)} - {t/T){S{T) - S{0)}. (3.109) 
The frequency spectrum 

/p(*) = >™ exp(iuj n t) (3.110) 

n 

of the forcing /„ consists then of a central line n = at the mean de Broglie frequency 
ujq = uj(= uj e ) and a sequence of split lines at the frequencies 

uj n = u) + nVL (n = ±1,±2,...) (3.111) 

where O = 2ir/T is the fundamental orbital frequency. The amplitudes 7 pn depend 
on the modulation of u 4 (which is determined by the ellipticity of the orbit) and 
on the spatial form of the eigenfunction tp p in relation to the electron orbit (which 
determines the modulation factor 7 p (i) in eq. ( 3. 105|) ) . 
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The solution of ( p7TQ5|) , with f p given by ( |37l0^ ), is 



= XI ~ ^ P )lpn exp(iw n f), (3.112) 

where 

h{uj n - Up) := -i(uj n - LOpY 1 . (3.113) 

To avoid the singularities at the resonance frequencies oo n = uj p , the stationary 
response function A(u), eq. ( |3.113| ), should be replaced by the more general non- 
stationary response function (cf. eq. (|3.61| )) 

A(w) := -iil-e^uj- 1 (3.114) 

representing the solution to the initial-value problem a p = for t = 0. This exhibits 
secular growth, A(0) = i, instead of a singularity at the resonance frequencies. In 
applications involving the integration of the response function A(uj) across reso- 
nances, it can be represented by the asymptotic (^-function relation, valid for large 

t, 

= it5(uj). (3.115) 

Alternatively, a small damping term \ia v (parametrising, for example, the higher- 
order effects of the back-interaction, discussed below, of the scattered field on the 
electron motion) can be added to the left hand side of ( 3.105|) , yielding the response 
function 

A(oj) = (iu + / u)~ 1 - (3.116) 

This can also be approximated by a (^-function for small /x. In the neighbourhood 
of a resonance both functions ( 3.114| ) and ( 3.116| ) exhibit the same behaviour for 



As long as the electron orbit is not near a resonance, small external disturbances 
and the radiative damping of the oscillating electron will produce a drift from one 
Kepler orbit to another, normally from higher energies to lower. However, when the 
orbit drifts into a resonance, energy is transferred from the orbit to the resonant 
eigenmode field; the quadratic interaction between the electron's own de Broglie 
field and the Dirac eigenmode field which is generated by the electron-nucleus inter- 
action results then in a mean force which is able to counterbalance the external drift 
forces. Thus the electron orbit will generally drift freely under the influence of small 
external disturbances until it encounters a resonance, when it becomes trapped in 
the effective 5-function potential-energy canyon arising from the orbit-eigenmode 
resonant interaction. 

We illustrate the orbit-trapping mechanism for the case of a circular orbit. Ap- 
plying the secular perturbation techniques of Keplerian mechanics, the orbit drift 
can be described generally by an equation of the form 

dr/dt = -d + Re{aA p ), (3.117) 

where d represents the rate of change of the orbit radius r due to external forces and 
radiative damping and Ke(aA p ) represents the net drift due to quadratic interactions 
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between the scatttered de Broglie field and the periodic kernel field of the electron. 
The latter term can be represented by the real part of the product of a complex 
constant a, which defines a reference phase for the forcing, and the amplitude A p 
of the eigenmode a p = A p exp(iuit). The form of this forcing term follows from the 
observation that, despite the local Doppler frequency shift induced by the electron 
motion, the de Broglie field of the electron within the electron core is always in 
resonance with the scattered field with which it interacts when considered over an 
orbital period: the number of waves emitted by the electron during an orbital period 
is the same as the number of scattered waves the electron encounters, so that in the 
reference frame of the nucleus the central frequency u> (and in fact also the line 
splitting through the orbital motion) are the same for both the periodic field in the 
electron core and its scattered field. For simplicity, only a single eigenmode p and 
the central forcing frequency u> = u(r) will be considered. 

In the neighbourhood of the resonant frequency oj p , the forcing frequency can be 
represented as 

Q(r) =: aj p + /35r, (3.118) 

where 5r := r — r p is the deviation from the resonant radius r p and (3 is a constant. 
In the neighbourhoood of a resonance d and a can similarly be regarded as constant. 

Substituting the expansion ( |3.118j ), together with the stationary response rela- 
tion ( |3. 1 16 ) for A, into the single-mode version of the response equation ( 3.112 ), 



the amplitude of the eigenmode is given by 

A p = 1 {if35r + (3.119) 
where 7 = 7 po . This yields for the drift equation ( |3.117 ) 



dSr/dt = d{-l + (d 5r + 2C 2 )/(Sr 2 + C 3 )}, (3.120) 

where 



Ci 

c 3 



Equation ( |3.120| ) has two equilibrium solutions (cf. Fig. 3.3) 



Im(«7)/(2/3d) 

/iRe(«7)/(/3 2 d) (3.121) 

2 1 o2 



5r± =d± [Cl + C 2 - C 3 ] V2 . (3.122) 

For sufficiently small /i, the solutions are always real. 

If Ci is negative, the solution <5r_ closest to the resonant point is stable, indepen- 
dent of the sign of the drift term. In this case the resonant mode-orbit interaction 
potential corresponds to a potential energy 'canyon' (Fig. |3.3| a). The second solu- 
tion 5r + is unstable; it represents the boundary of the orbit-trapping region. If d is 
positive (radiative damping), 5r + < 5r_; in this case, the orbit can escape from the 
attractor and drift to smaller values of r if initially 5r < 5r + , while for 5r > 5r + , 
the orbit falls always into the stable solution 5r_. Conversely, for negative d (ra- 
diative heating), 5r + > <5r_, and the orbit can escape from the attractor if initially 
5r > 5r + , drifting otherwise into the stable solution c)r_. 
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trapping region for d<0 



Figure 3.3: Orbit trapping in resonant potential en- 
ergy canyon (panel a) and at potential energy barrier 
(panel b) 



Positive C\ corresponds to repulsive resonant mode-orbit interactions (potential 
energy barrier rather than canyon, Fig. 3. 3b). In this case the solution 5r + furthest 
away from the resonant point is stable and prevents orbits which are drifting towards 
the resonant radius from reaching the resonant point. Between r + and r_, the orbits 
are attracted to the stable solution r+, while beyond r_ (on the side oppposite to 
r + ) the orbits follow the direction of the drift away from the resonance point. 

Trapping at a potential energy barrier is less stable with respect to changes in the 
external drift forces than trapping in a potential energy canyon. If the drift rate d is 
randomly varying, a change in sign of d releases the electron from a positive-energy 
barrier and allows it to drift in the opposite direction away from the resonance point, 
whereas an electron trapped in a potential energy canyon can be freed only through 
a very large external drift force (cf. Fig. |3.3| ), or through interactions with external 
fields which destroy the trapping field A p , as discussed in the following sub-section. 

The determination of the sign of C\ involves the determination of the scattering 
source terms in eq,( |3.102| ), which requires computing the quadratic interaction be- 
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tween the scattered de Broglie fields and the periodic source fields of the electron 
core (cf. also eq.( |3.117| )). This is beyond the scope of the present analysis. It will be 
assumed in the following that C\ is negative and the mode-orbit interactions yield 
trapping potential energy canyons. 

If the drift rate d represents radiative damping, it follows that in the stable 
trapped-orbit state, the quadratic interaction between the scattered, resonant eigen- 
mode field ipp and the Dirac (de Broglie) field within the electron core must give rise 
to a force which, averaged over an orbit, exactly balances the radiative damping. In 



Section 2A, it was shown that the periodicity of the Dirac fields is associated with 
the electric charge. Thus the force generated by the quadratic interactions must 
represent an electromagnetic force, with an associated electromagnetic current. The 
balancing of the classical radiative damping force and the internally generated elec- 
tromagnetic interaction force implies that the inherent electromagnetic current of 
the orbiting electron is balanced by the current generated by the interactions with 
the scattered field. But if there exists no net electromagnetic current there can exist 
no net radiative damping, thereby resolving the classical dilemma of the radiative 
collapse of the Bohr orbits. 

Relation to Bohr's orbital theory 

In the case of a circular orbit, the orbit-eigenmode resonance condition can be shown 
to reduce to the familiar Bohr orbital quantum condition. Consider the dominant 
interaction involving the central orbital frequency u). In the non-relativistic limit, 
the eigenfrequency of the eigenmode can be written 

oj p = uj + ui'p, (3.123) 

where u' is the eigenfrequency of the solution of the Schrodinger equation. To first 



non-relativistic order, the central forcing frequency u, eq.( 3.107 ), for a circular orbit 
is given by 



u> = UlQ 



wo(l + E p /(mc 2 )), (3.124) 



where v p := dx/dt,E p is the total (kinetic plus potential) energy of the orbiting 
electron and m is the electron rest mass (using here dimensional units). Thus the 
resonance condition cu = uj v yields 

top = E p u /(mc 2 ) (3.125) 

or, with mc 2 =Tiuq, 

Ep = huj' p . (3.126) 

This is identical to Bohr's result. Bohr determined discrete values of E p from his 
orbital quantum condition, and then defined the associated frequencies through 
( 0.126|) . We have followed the reverse path of determining uj' p from the eigenmode 
of the Schrodinger equation and have found then that the energy of the orbiting 
electron satisfies (3.126), in agreement with Bohr's relation. 
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Generalization to elliptical orbits 

The above analysis can be extended to arbitrary elliptical orbits and the general 
Bohr-Sommerfeld quantum orbit conditions. For this purpose it is convenient to 
transform from standard (e.g. spherical) canonical variables p k to the Delaunay 
canonical elements a k , J k . These consist of three action variables J k , where J\ is 
related to the total energy E, J2 is the total angular momentum P and J k the angular 
momentum P z in the z-direction, and their three associated cyclic coordinates a k . 
For small perturbations about a spherically symmetrical field, the particle motion 
is multi-periodic with periodicity 2tt with respect to the angle variables a k , which 
grow linearly in time, 

a k = oj k t + const. (3.127) 

The three frequencies u k are identical in the degenerate case of a Coulomb field, but 
differ in the presence of symmetry-breaking perturbations. 

The transformed Hamiltonian H(J) = H(q, p) is independent of a. The trans- 
formed Lagrangian is accordingly given by 

L(a, J) = J2 J k da k /dt - H(J) = £ J k uj k - H(J) = L(w, J), (3.128) 

k k 

so that the action variables are related to the Lagrangian through 

J k = dL/duj k . (3.129) 

Perturbations of the system by additional time-dependent interactions give rise to 
drifts of the action variables J k . These can be treated by regarding the variables 
uj k , J k in the Lagrangian L(u, J), eq.( 3.128|) (where the tilde has now been dropped), 



as slowly varying with time. Variation of L with respect to the orbital elements J k 
yields again the usual Kepler orbital relations uj k = co k (J), modified by additional 
perturbation terms. Variations with respect to the angle variables or phase functions 
a k , with uj k = da k /dt, yield the orbit drift equations 

*(5S) = ** = °- (3 - 130) 

Assuming now, as before, that the Kepler orbit is perturbed by interactions with 
external fields (radiative damping or heating) and by the de Broglie field-particle 
interactions, the Lagrangian takes the form 

L(J,w) = L n + L e + L dB , (3.131) 

where L n describes the interaction with the time-independent field of the nucleus, 
L e the interactions with external time-dependent fields and L dB represents the in- 
teraction between the electron and scattered de Broglie fields. Equation ( 3.130Q can 
thus be written 

j/k = ~ Jt J e k ~ Jt 4 B , (3-132) 

where JJ} denotes the action variables as defined by the unperturbed Lagrangian, 
^J k =■ d e k is the drift of J k induced by the external interactions and ^J k B = 
^{dL dB / doj k ) =: d dB is the drift due to the de Broglie field-particle interactions. 
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The Lagrangian Lf B is given by the interaction of the electron's de Broglie field 
ij) e with the scattered de Broglie field g{ n t (eq. (|3.104| )). This is regarded as a given 
external field in the variation of the Lagrangian with respect to the orbit. The de 
Broglie field of the orbiting electron is composed in general of a component at the 
central frequency u> (eq. (|3.107|) ) and a spectrum of split lines at the frequencies 

ujkn ■= u + nut (n = ±1, ±2, ...) (3.133) 



In place of the expression (3.107) appropriate for a single periodicity, we define now 
more generally the mean frequency u> as the mean rate of change of the phase of 
the de Broglie field of the electron averaged over a sufficiently long time interval 
to effectively include all of the orbit periodicities. Similarly, the line splitting is 
characterized now not just by a single orbital frequency, but by the three cyclic 
frequencies ojj~. The time-averaged Lagrangian L dB thus has the general form 

LdB = ^2 ®p < a P {t) exp(icjt) > + a knp < a p (t) exp(iu kn t) > + c.c., (3.134) 

P k,n,p 

where < . . . > denotes a time average and a p , a kn p are constant complex coefficients 



characterizing the quadratic coupling of the eigenmode tp p in the expansion ( 3.104 ) 
of the scattered field gi n t with the frequency components Q,ujkn, respectively, of the 
de Broglie field of the electron. 



In computing now the action variable jf, B from (3.134), applying (3.129), secular 



terms arise through the time derivative of the exponential factors, yielding for the 
de Broglie drift 

df B = iduj/ dujk a p <a p (t) exp (iu)t) > 
p 

+ ^2 in a knp < a p (t) exp(ia; fcn i) > + c.c. (3.135) 

n,p 

Retaining, as before, only the interaction with the dominant central frequency Q, 
represented by the first term on the right hand side of ( |3.135| ), we obtain, substituting 
the solution ( 3.112[) , ( |3.113| ) for a n and using the asymptotic form ( 3.115 ) for the 



response function A, 

df B = iri du/dujk ^ ctp 7po<^(w — Up) + c.c. (3.136) 

p 

The de Broglie drift term is thus limited to the field-orbit resonance surfaces u) = tu n , 
where the effectively infinite 5-function factor ensures that the particle becomes 
trapped. On the resonance surface, the orbit can continue to drift with respect 
to the remaining two degrees of freedom until it reaches a stable point where the 
remaining de Broglie drift terms become zero. Thus it can be expected that for each 
eigenmode with eigenfrequency lo p there will exist in general (at least) one stable 
attractor, an elliptical orbit which is in trapped resonant interaction with the Dirac 
eigenmode. 
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Interaction with radiation 



Having outlined the general metron picture of the origin and nature of discrete 
atomic states, there remains the question of the interaction of these discrete states 
with electromagnetic radiation, and the mechanism of the transition from one stable 
atomic state to another. In quantum theory, transitions between atomic states are 
associated with interactions with electromagnetic radiation for which the frequencies 
of the three fields involved (atomic states 1 and 2, electromagnetic radiation 12) 
satisfy the resonant interaction conditions 

uj\ — u)2 = U\2- (3.137) 

The same interaction principles apply also for the metron model. 

The transition mechanism can be illustrated by a simple generalization of the 



model eqs. ( 3.117 ) - ( 3.122 ) for a circular orbit. We consider again only the dominant 
interactions with the central orbital frequency Q, which is assumed to be close to 
resonance with the eigenmode 1, u = u\ + f35r, where 5r = r — r%. Writing a p = 
A p exjp(iuipt) for the modes p = 1,2 , where the amplitudes A p = A p (t) (referred 
now to the frequencies lo p rather than u)) are slowly varying with time, and setting 
similarly the electromagnetic field proportional to A 12 (t) exp^w^i), the interactions 
between the three fields have the general structure 

dAx/dt + iixA x = i K A 12 A 2 + 7 e if3Srt , (3.138) 

dA 2 /dt + fi 2 A 2 = i K*A\^A-i, (3.139) 

dA 12 /dt = i K*Ai A 2 , (3.140) 

where the forcing je i ^ Srt by the orbiting electron is included only for the near- 
resonant first mode and K is a coupling coefficient appearing in the cubic interaction 



Lagrangian ~ K A\Ai 2 A 2 . The third equation ( 3.140 ) is needed only in the case of 
emitted electromagnetic radiation. If radiation is absorbed, the field A 12 is regarded 
as a specified external field. 

The mode interaction equations must be augmented by the orbit equation 
( (3.117j ), which in the present case takes the form 

dr/dt = -d + Re(aie- i/3(5rt Ai) + Re(a 2 e" i/3<5rt A 2 ). (3.141) 

The evolution of the coupled system A\, A 2 , A l2 , r depends in detail on whether 
the absorption or emission of radiation is being considered. However, in both cases 
the cross-coupling through the field A 12 has the effect that the resonant forcing of 
the eigenmode 1 is no longer confined to mode 1 but is communicated also to mode 2. 

Consider first the case of the interaction with a prescribed, time independent 
coupling field A 12 . The coupled homogeneous equs ( 3,138| ), (3.139), without the 



forcing terms, then have (weakly damped) coupled harmonic oscillator solutions of 
frequency uj c = \KA l2 \ 1 / 2 , in which the amplitudes A p of both eigenmodes oscillate 
with constant relative phase and with the same oscillation amplitude. Suppose now 
that the external radiation field A 12 is suddenly turned on at a time when the 
electron is trapped in the resonant orbit r = r±, so that initially A\ ^ 0, A 2 = 0. 
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Since this no longer represents the equilibrium solution of the coupled system, a free 
oscillation will be excited. The alternating signs of the amplitudes A\ and A 2 of the 



free oscillation produce oscillating forcing terms in the orbit drift equation (3.141), 
instead of the restoring forces of the previous decoupled single-mode system. This 
results in a breakdown of the 'potential energy canyon', and the electron can escape 
from the resonant orbit. 

The details of the escape mechanism are a little more complicated than outlined 
here, since the (nonlinear) feedback of the changes in the orbit radius through the 



orbital forcing term in eq. (|3. 138 ) must be taken into consideration. However, the 



basic mechanism of the breakdown of the potential energy canyon in the presence 
of sufficiently strong cross-mode coupling should remain valid, independent of these 
details. 

An alternative, probably more realistic model of the interaction with an exter- 
nally prescribed radiation field is to represent A± 2 as a stochastic process character- 
ized by a continuous variance spectrum Fy^{uS). In the absence of orbital forcing, 
the evolution of the variances N p =< \A p \ 2 > can be shown to be governed in this 



case by the coupled equations |21[] 



j t N x - 2 Ml JVi = K'(N 2 - Nt) (3.142) 

4 N 2 - 2 fi 2 N 2 = K'(Ni - N 2 ), (3.143) 
at 

where 

K' :=2ttF 12 (0)\K 2 \ (3.144) 

(note that the spectral density ^12(0) of the amplitude A 12 at zero frequency cor- 
responds to the spectral density of the electromagnetic radiation at the resonant 
coupling frequency uj 12 ) . Ignoring the damping, the solutions tend again to an equi- 
librium in which both eigenmodes have equal variances and energy is continually 
exchanged between the two modes. The mode-orbit interaction terms in the orbit 
equation ( |3.141| ) will exhibit in this case random fluctuations similar to the oscil- 
lations in the case of a constant field A 12 , resulting again in a breakdown of the 
potential energy canyon and a release of the trapped electron. 

Similar considerations apply for the case of emitted radiation, except that here 
the field A 12 is not prescribed, but is generated spontaneously through an instability 
of the coupled set of modes A\, A 2 , A 12 : for given finite Ax, a pair of initially in- 
finitesmal perturbations A 2 ,A 12 will grow, according to equations ( 3.139| ), (|3.140 ), 



as e vt , where v := -fj,/2 + {(n/2) 2 + \KAi\ 2 } 1 / 2 §§. As the fields A x and A 12 
grow, the field Ai decreases, and the field-orbit interaction terms in the orbit drift 
equation begin to oscillate, leading again to a release of the trapped electron. 

Not considered in this discussion is the further fate of the electron after it has 
been freed from its trapped-orbit state 1. The subsequent capture of the electron 
in the trapped-orbit state 2 involves a higher-order analysis of the interactions be- 
tween the scattered fields and the electron's Dirac and electromagnetic fields for 
non-resonant orbits, which will not be attempted here. While conceptually straight- 
forward - since all fields and particles are well defined 'objects' with well-defined 
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interactions - the analysis of the three-way interactions between an orbiting elec- 
tron, its associated scattered fields and additional electromagnetic radiation fields, 
whether internally or externally generated, is clearly a non-trivial task if carried 
out in quantitative detail. The purpose of this rather cursory preliminary anal- 
ysis is only to demonstrate that the known general interrelations between atomic 
eigenstates and atomic radiation appear to be basically consistent with the metron 
picture. 

We note in conclusion that we have treated electromagnetic radiation here in 
the traditional manner as prescribed incident radiation or as emitted radiation into 



space, although we specifically made the point in Section 3.3 that in the metron 
model electromagnetic fields should not be viewed as independent radiation fields, 
but rather as interaction fields describing the coupling between pairs of charged 
particles. The traditional radiation picture is obtained in the present case by dividing 
the complete system of interacting particle pairs into the orbiting electron, as the 
object of immediate interest, and all remaining particles, which are regarded as 
external to the system under study. While this description is convenient for the 
present analysis, it is important to keep the particle-interaction picture in mind 
when considering the statistical properties of radiation. In general, either picture can 
be applied. Thus the Stefan-Boltzmann spectrum, and the corpuscular properties 
of electromagnetic radiation with which this is normally associated, can be readily 
interpreted in the metron picture, following Einstein |23| ], in terms of electromagnetic 
interactions mediating the transitions between discrete atomic states for an ensemble 
of atoms in thermodynamic equilibrium. 

Open questions 

A number of basic questions have clearly not been addressed in this brief outline of 
a possible metron theory of atomic spectra. The orbital parameters and stability 
properties of the set of resonant electron orbits associated with the set of eigenmodes 
have not been determined for the general elliptical-orbit case. It has also not been 
demonstrated - although it appears intrinsically plausible - that for a multi-electron 
system there exists only one stable electron orbit per eigenmode, so that Pauli's 
exclusion principle can be derived, rather than having to be postulated. 

Other questions relate to the higher-order quantitative equivalence of the metron 
Dirac-electromagnetic interaction equations and the standard QED formalism. The 



equivalence of the field equations shown in Section 2.4 applies only at the tree 
level, ignoring closed loop contributions, and to lowest interaction order. Barut [24] 
has claimed that higher-order first-quantization computations yield atomic spectra 
at least to the same accuracy as QED computations. It remains to be investigated 
whether this holds also with the inclusion of the higher-order interaction terms of the 
gravitational Lagrangian (the higher-order terms of the infinite interaction series of 
the gravitational Lagrangian have no counterpart in the cubic Dirac-electromagnetic 
interaction Lagrangian of QED). Of particular interest are the higher-order inter- 
actions within the metron near-field regions, which we anticipate will be needed to 
ensure a divergence-free interaction expansion. 
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ABSTRACT 



In the first three parts of this paper we developed a unified, deterministic model 
of fields and particles based on the postulated existence of soliton-type (metron) 
solutions of the higher-dimensional vacuum gravitational equations. Following the 
demonstration in Part |l| that such solutions exist for a simplified, scalar prototype 
of the gravitational Lagrangian, the metron model was investigated in more detail 
for the Maxwell-Dirac-Einstein system in Part [2] and then applied in Part || to 
explain basic quantum phenomena such as the EPR paradox, interference effects in 
scattering experiments and atomic spectra. 

In the final part of this paper we generalize the interaction analysis of the 
Maxwell-Dirac-Einstein system to include weak and strong interactions. It is shown 
that the principal properties of the Standard Model can be recovered by a four- 
dimensional, or (with closer agreement) five-dimensional non-Euclidean or Euclidean 
harmonic-space background metric, assuming a suitable geometric structure of the 
trapped-mode metron solution. The solution is assumed to be composed of the ba- 
sic fermion fields, representing leptons and quarks of different color and flavor, and 
the associated boson fields, which are generated by quadratic difference interactions 
between the fermions. The fermions are described by harmonic-space metron com- 
ponents which are periodic with respect to extra (harmonic) space, the wavenumber 
components k§ and kg defining the coupling constants for the electromagnetic and 
weak interactions, respectively, while the components and (in the case of a five- 
dimensional harmonic space) kg determine the strong-interaction coupling. The last 
harmonic dimension is needed, in combination with the other harmonic dimensions, 
to define an appropriate polarization tensor relating the metric-tensor components 
to the Dirac-field components such that the standard Dirac Lagrangian is recovered 
from the gravitational Lagrangian. 

A higher-order interaction corresponding to the Higgs mechanism is invoked to 
explain the electroweak boson masses. A quartic interaction in which the neutrino 
field appears quadratically exhibits the desired properties. Fermion masses are at- 
tributed to the S'C/(2)-breaking mode-trapping mechanism. 

The analysis is restricted to a single family; it is suggested that the second and 
third families can be described by higher-order trapped modes. The Standard Model 
gauge symmetries are explained as a special case of the general gauge invariance of 
the gravitational equations with respect to diffeomorphisms, applied to a particu- 
lar class of coordinate transformations reflecting the geometrical symmetries of the 
metron solutions. 

The purpose of the inverse modelling approach pursued in this paper is twofold: 
it is demonstrated generally that soliton-type solutions of the higher-dimensional 
vacuum gravitational equations exhibit a sufficiently rich structure to reproduce the 
principal results or quantum field theory, as summarized in the Standard Model, 
while at the same time specific geometrical features of the anticipated metron solu- 
tions are identified, which one can then seek to confirm with exact numerical com- 
putations. Such computations should yield not only the symmetries of the Standard 
Model but also all universal physical constants and particle parameters. 
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RESUME 

Dans les troix premieres parties de ce travail nous avons developpe un modele 
unifie deterministe des champs et particules s'appuyant sur l'existence postulee de 
solutions de type soliton (dites metrons) des equations d'Einstein du vide a haute 
dimension. Apres avoir demontre dans la premiere partie que de telles solutions 
existent dans le cas d'un Lagrangien de gravitation prototype scalaire de forme 
simplifie, le modele de metron a ete examine plus en detail dans la deuxieme partie 
dans le cas du systeme de Maxwell - Dirac - Einstein. II a ete utilise dans la troixieme 
partie pour expliquer les phenomenes quantiques fondamentaux tels que celui du 
paradoxe de l'experience d'EPR, celui des effets d'interference lors des experiences 
de diffusion et celui des spectres atomiques discrets. 

Dans la derniere partie de ce travail nous generalisons l'analyse des interactions 
dans le systeme de Maxwell - Dirac - Einstein en incluant les forces faibles et les 
forces fortes. Nous montrons que les proprieties principales du modele standard peu- 
vent etre retrouvees a l'aide d'une metrique de fond Euclidienne ou non- Euclidienne 
de l'espace harmonique a quatre ou (en augmentant l'accord) cinq dimensions s'il 
existe une structure geometrique appropriee des solutions de metron a modes cap- 
tures. On suppose que la solution est composee de champs de fermions elementaires 
representant les leptons et les quarks aux couleurs et gouts differents, ainsi que les 
champs de bosons associes, provenant des interactions de differences quadratiques 
entre les fermions. Les fermions sont decrits par les composantes de metron d'espace 
harmonique qui eux, sont des fonctions periodiques dans cet espace. Les vecteurs 
d'onde k§ et k$ representent les constantes de couplage respectivement des forces 
electromagnetiques et des forces faibles; les composantes kf et (dans le cas d'un 
espace harmonique a cinq dimensions) kg representent les constantes de couplage 
fort. La derniere dimension harmonique, supplementaire aux autres dimensions 
harmoniques, est necessaire, arm de pouvoir definir un tenseur de polarisation ap- 
proprie qui doit relier les composantes du tenseur metrique a ceux du champ de 
Dirac. 

Une interaction d'ordre superieur correspondant au mecanisme d'Higgs est 
evoquee arm de pouvoir expliquer l'origine des masses des bosons electro-faibles. 
Une interaction quartique dans laquelle le champ de neutrino apparait de facon 
quadratique montre les proprietes desirees. Les masses des fermions sont attributes 
au mecanisme de capture de mode qui brise la symetrie de SU(2). 

L'analyse se restreint a une seule famille de leptons et de quarks; on suggere 
que la seconde et la troixieme famille peuvent etre decrites par des modes d'ordres 
superieurs captures . Les symetries de jauge du modele standard sont attributes a 
des cas particuliers de l'invariance de jauge generale des equations gravitationnelles 
sous des diffeomorphismes, quand ceux-ci sont appliques a une classe particuliaire 
de transformation des coordonnees refietant les symetries geometriques des solutions 
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de metron. 

L'approche de modelisation inverse poursuivie dans ce travail tend a identifier 
les structures anticipees des solutions exactes de type soliton des equations gravi- 
tationnelles du vide a haute dimension et ainsi a montrer les consequences impor- 
tantes du concept de metron dans le domaine de la physique theorique des par- 
ticules. On suppose que les calculs numeriques des solutions de metron donneront 
toutes les constantes universelles de physique ainsi que les parametres des particules. 
Les conceptions fondamentales de la theorie sont encore une fois resumees dans le 
dernier paragraphe d'un point de vue plutot constructif s'ajoutant ainsi a l'approche 
deductive, laquelle a ete poursuivie dans la premiere partie. 

Mots cles: 

metron — theorie unifiee — theorie de gravitation a haute dimension — solitons — modele 
standard — constantes de physique — symetrie de jauge 
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4.1 Introduction 



After the digression in Part || of this paper to basic quantum-theoretical questions 
concerning the metron interpretation of the EPR paradox, Bell's theorem, time- 
reversal symmetry and the problems of wave-particle duality, we continue now with 
the detailed description of field interactions and particle properties in the metron 
model which we had begun in Part [2] with the analysis of the Maxwell-Dirac-Einstein 
system. This has two motivations. First, we need still to demonstrate that the 
metron solutions of the n-dimensional vacuum Einstein equations yield not only 
the Maxwell-Dirac-Einstein theory, including the gravitational constant and all par- 
ticle properties and physical constants relevant for the description of microphysical 
phenomena at the atomic level, but also a description of high-energy phenomena at 
nuclear and sub-nuclear scales. Secondly, by estabishing a correspondence between 
the metron model and the Standard Model, following as before the inverse modelling 
approach adopted in Part ||, we shall identify the relevant features of the metron 
solutions which one can then later attempt to reproduce in numerical computations 
of specific trapped-mode solutions of the n-dimensional Einstein equations. 

To recover the Maxwell-Dirac-Einstein equations and the Wheeler-Feynman 
point-particle interaction formalism, we assumed in Part || that charged fields were 
periodic with respect to some direction in harmonic space (the electromagnetic coup- 
ling direction x 5 ) and that the metron solutions support (de Broglie) fermion far 
fields which are periodic in physical spacetime. The relevant interactions occurred in 
the far-field regions outside the nonlinear metron core regions, in which the field- field 
coupling was weak. 

In extending the metron model now to weak and strong interactions, we will 
be concerned with interactions within the strongly nonlinear particle core regions 
and will need to invoke periodicities with respect to the remaining coordinates of 
harmonic space. Although a general structural correspondence between the metron 
model and the Standard Model can be established already with the minimal models 
introduced in Section ^7J in the derivation of the Maxwell-Dirac-Einstein equations, 
a closer interrelationship can be established (and the analysis simplified) if the di- 
mension of harmonic space is increased from four to five. Periodicities with respect 
to the second harmonic-space coordinate x 6 will be associated with weak interac- 
tions, the two coordinates x 5 , x 6 together defining the electroweak interaction plane, 
while strong interactions are represented by periodicities in the chromodynamic 
(x 7 , x 8 )-plane. The last harmonic-space coordinate x 9 is needed for all interactions 
to construct the polarization tensor relating the metric fields to the fermion fields 
such that the relevant sector of the gravitational Lagrangian is mapped into the 
Dirac Lagrangian. The harmonic-space background metric is assumed to be given 
by t\ab = diag(l, 1, 1, 1, ±1) (Euclidean or non-Euclidean model). 

In accordance with our inverse modelling approach, we assume that trapped- 
mode solutions of the n-dimensional gravitational field equations exist and attempt 
then to identify the structures that these solutions must exhibit in order to repro- 
duce the observed properties of elementary particles. Although a close similarity 
between the metron and Standard Model will be found, the similarity should not 
be over-emphasized. The Lagrangians play a fundamentally different role in the 
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two models. In quantum field theory, the Lagrangian is used to determine the evo- 
lution of field operators defining expectation values of predefined particle states, 
while in the metron model the Lagrangian provides only the starting point for the 
computation of deterministic trapped-mode particle solutions; once these have been 
determined, the transition probabilities between different particle states must still 
be computed in a further interaction analysis. None the less, a general agreement in 
the structure of the interaction Lagrangians is encouraging, since it may be antici- 
pated, as shown for the analagous problem of atomic state transitions in Section 3.6, 
that the S-matrix computations for quantum field theory and the metron model will 
exhibit certain formal similarities. 

Only a single family of solutions is considered. It is speculated that the second 
and third Standard Model families correspond to higher modes of the trapped-wave 
solutions (cf. Section 1.4). If this is indeed the case, there is no reason that the 
number of families should be restricted to three, although higher modes presumably 
become increasingly unstable. 

It is not claimed that the models developed in the following are in any way 
unique. But they do represent a rather simple and natural way of relating the 
Standard Model to the metron picture. A test of these concepts must await again the 
construction of specific trapped-mode solutions of the n-dimensional gravitational 
equations. 



4.2 Strong interactions 

We consider first strong interactions, as these exhibit somewhat simpler symmetry 
properties than electroweak interactions. We adopt essentially the same approach 
is in Part ^ for electromagnetic-fermion interactions, but consider now instead of 
a single fermion field ip three quark fermions tf)^ of different color q = 1,2 or 3. 
The lowest order coupling between fermions can then no longer be mediated by 
a single boson field A\ with an interaction Lagrangian of the form (suppressing 
indices) ipAip, but requires a set of boson fields with an associated coupling 

Lagrangian 

^(p) j B(p5)^(9). The metron boson fields will be related to the 

gluons of the chromodynamic SU(3) gauge group of the Standard Model. The 
detailed form of the interaction Lagrangian will be derived, as in the analysis of 



the Maxwell-Dirac-Einstein system in Section 2A, by invoking the invariance of the 
gravitational Lagrangian with respect to coordinate transformations. The gauge 
symmetries of the Standard Model are similarly explained by the invariance of the 
metron model with respect to a particular class of diffeomorphisms. 

Metron representation of strong-interaction fields 

We assume that in the strongly nonlinear core region the metron solutions contain 
trapped-mode quark constituents (q) of different color q = 1,2,3 represented by 
fermion fields (defined as usual as deviations from the background metric tjab) 

4^rf^ + c.c, (4.1) 
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b) : K<5 



k(e) 



k< u ) = -2/3k< e > + 1/3k< v > 
" k K 



( k( d )=1/3k< e )-2/3k< v ) 



Figure 4.1: Fermion harmonic wavenumber configurations for 
(a) the three colored quarks in the chromodyamic plane k?, k$ 
and (b) the leptons e, v and quarks u, d in the electroweak plane 
k 5 ,k 6 



where 

S q := k ( fx A . (4.2) 

We identify, as in Part |2[ fermions with harmonic-space components of the metric 
tensor, while bosons will be represented by mixed harmonic space- physical space- 
time metric components pj. 

The fermion polarization tensor P%g is assumed to be independent of the color 
index q. This is the reason, as will be seen below, that the harmonic-space dimension 
needs to be extended from four to five. The analysis can be carried through without 
this assumption, but becomes more cumbersome, and the correspondence between 
the metron model and the Standard Model is not so close. 

The wavenumber vectors k^ of the three quarks are assumed to lie in a sym- 
metrical star configuration in the color plane (x 7 ,x 8 ) (cf. Fig |P|a), with 

k^ + kf+kf = 0, (4.3) 
jM) = jM) = jM) = o. (4.4) 

We ignore in this section the coupling with leptons and electroweak bosons, which 
involve non-zero wavenumber components k^ , k^ , (cf . Fig |4.1| b) . This will be 



discussed later in Section 4.3 



The motivation for these symmetry assumptions is to recover the strong- 
interaction St/ (3) symmetry of the Standard Model. The assumed symmetry implies 
that all quarks have the same harmonic mass 

%:=(4 9 Y*)) 1/2 ( 4 - 5 ) 
and gravitational (de Broglie) mass 

u f := -hft (4.6) 

(we assume a stationary solution with tp^ ~ expifc^x 4 , where uif = k 4 = —k^ > 0). 
Since the system is strongly nonlinear, the two masses will be different. We do not 
inquire into the origin of the masses. We ascribe finite quark masses to the mode- 
trapping mechanism (rather than the Higgs mechanism), which is not investigated 
further here. 
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A fermion polarization tensor P% B which is independent of color can be obtained 
by generalizing the minimal-model tensors ( 2.45 ) or ( 2.58[ ) from four to five dimen- 
sions. In the minimal-model, the single non-zero wavenumber component, which 
was taken as the first harmonic wavenumber component k§, induced, through the 
gauge condition, a zero first column and first row in the polarization tensor. In the 
present case we wish to define a polarization tensor which satisfies the trace and di- 
vergence gauge conditions ( ^15|) for two non-zero wavenumber components 
k?, kg in the chromodynamic plane. If the polarization tensor is to be independent 
of the wavenumber vector in the chromodynamic plane, we must introduce then two 



zero columns and rows. Thus the generalization of the polarization tensor (2.45) of 
the minimal non-Euclidean model (+3, —1) becomes for the five-dimensional model 
(+4, —1), with a non-zero wavenumber vector confined to the color plane, 
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(4.7) 



while the corresponding generalization of the polarization tensor ( p. 58 ) for the min- 
imal Euclidean model (+4) to the five-dimensional model (+5) is given by 
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(4.8) 



However, as in the investigation of the Maxwell-Dirac-Einstein system in Section 2.4 , 
the detailed form of the fermion polarization tensor is irrelevant at the present 
level of analysis, provided only that it yields the standard Dirac Lagrangian. A 
discrimination between competing models must await the computation of specific 
trapped-mode metron solutions. 

The minimal models must then also be considered as serious contenders. In 



this case the basic forms (4.7), ( |4.8j ) are retained without the addition of a second 
color dimension, the color plane being replaced by a single dimension. The polar- 
ization tensors contain only a single row and column of zeros, and to satisfy the 
gauge condition, the polarization tensors must be defined in a specific coordinate 
system in which the zero rows and columns correspond to the direction of the quark 
wavenumber vector. Thus for a quark of different color, the polarization tensor 
must be rotated. The dependence of the polarization tensor on color has no impact 
on interactions involving a single quark, i.e. on the quark coupling through diago- 
nal bosons, but modifies the interactions involving non-diagonal bosons. The basic 
interaction structure of the metron model is nevertheless not significantly affected. 

We have excluded the minimal models in the following primarily to simplify 
the analysis and obtain a somewhat closer correspondence to the Standard Model, 
rather than because of fundamental shortcomings of the minimal models. In fact, as 
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pointed out in Section |2.2| , the minimal Euclidean model (+4) has some attractive 
intrinsic features (avoidance of tachyons, signal propagation confined to the surface 
of the seven-dimensional sphere) - although it is not clear whether these general 
properties are relevant for the special case of periodic-homogeneous metron solutions 
in harmonic space with which we are concerned here. 

Since the metron solutions are real, there exists for each complex quark field (q) 
an associated complex conjugate quark (g) with negative wavenumbers (fej[ , kj[ ) = 
(— &4 , — kj±). There exists also for each quark (q) an independent anti-quark 
(g') (although presumably not as a constituent of the same metron solution) with 
wavenumbers (k'j ,k'^) = (k^f\ — kj^) (cf. Section |2~2|). We shall not distinguish 
between quarks and anti-quarks in the following, denoting either constituent simply 
as (g). 

The empirical finding that the net color of hadrons is white translates in the 
metron picture into the property that the wavenumber sum of all the quarks in a 
hadron vanishes. It will be shown below that this implies that the net mean fields 
generated by the set of all quark interactions of a hadron vanish: strong interactions 
- as opposed to electroweak and gravitational interactions - generate no mean far 
fields. 

A perturbation expansion of the nonlinear coupling between quarks yields 
quadratic sum and difference interactions at lowest order, and further cubic and 
higher-order interactions. We will consider in the following only the mixed-index 
(boson) quadratic difference-interaction fields 



9x1 



9\A 



B[fe^\ (4.9) 



where 

S pg = _ s qp . = fcJf'V, (4.10) 

with 

k (pt) :=k (p)_ k (M). (4.11) 

We focus on this sub-set of interaction fields because it will be found to provide 
a close analogy to the gluons of the Standard Model. However, from the metron 
viewpoint, the need to restrict the analysis to the quadratic difference interactions 
implies that the Standard Model describes only a single sector of the full set of 
metron interactions and represents therefore only an approximation of the complete 
nonlinear system. 

From the symmetry of the quark configuration it follows that all non-diagonal 
bosons have the same harmonic mass, which, according to ( f4.5|) , ( f4.11| ), is given by 

u b :=(k { fkf p ^) 1/2 = V3u f for p + q (4.12) 

The harmonic masses for the diagonal bosons p = q vanish. For all bosons, also, the 
gravitational masses oj b = —Kf are zero Q. In contrast to the fermion- electromag- 
netic interactions considered in Part the present fields can no longer be regarded 
as approximately linear, so that the harmonic and gravitational boson masses will 
in general not be equal: ^ oJb(= 0). The same holds for the quark masses. 
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We note that while different non-diagonal fermion interactions (pq), p ^ q, 
generate bosons distinguished by different harmonic wavenumbers k^, all diag- 
onal fermion interactions (qq) excite the same zero-wavenumber Fourier component. 
Since different fields are distinguished in the variation of the Lagrangian only by their 
different wavenumbers, all diagonal interaction fields must be collected together in 
a single net diagonal boson field : 

^i:=E^f-< (^al). (4.13) 

q 

The net diagonal field will be decomposed again later, however, on the basis of the 
different source terms in the field equation, or, alternatively, with respect to the 
different orientations of the resultant metric tensor in harmonic space. 



Metron representation of the strong-interaction Lagrangian 

We consider in the following only the cubic fermion-boson-fermion products 
{p){pq){q) in the interaction Lagrangian which describe the lowest order coupling 
between fermions and bosons. These correspond to the quark-gluon-quark coupling 
products in chromodynamics. Both the metron model and the chromodynamic 
model contain also further interactions, in the metron model in the form of an infi- 
nite series, in the chromodynamic model as cubic and quartic boson-boson coupling 
terms. We anticipate a similar general agreement in the structure of the boson- 
boson interactions in the two models, but restrict the analysis here for illustration 
to fermion-boson interactions. An equivalence of the two models cannot be expected 
at higher interaction order. Indeed, already at the lowest cubic fermion-boson cou- 
pling level considered here, it will be found that, although the general structures 
agree, the models are not completely identical. This is not particularly disturbing, 
however, since, as pointed out, the Lagrangians play a basically different role in the 
two models in the computation of particle states and transition probabilities. 

To derive the interaction Langrangian, we apply the same technique as in Sec- 



tion 2.4: we carry out a local coordinate transformation X — » X' such that the 
transformed boson fields vanish at some prescribed (four dimensional) world point 
x, which we take to be the origin. At this point the affine-invariant gravitational 
Lagrangian L = P reduces to the free-field Lagrangian (|2.41j) . Subsequently, we 
transform back again to the global coordinate system, retaining, however, the local 
definition of the fermion fields. 

As before, the method requires that there exist no fermion-boson interactions in- 
volving derivatives of the boson fields, so that the interaction Lagrangian does indeed 
vanish at the location where the boson fields (but not necessarily their derivatives) 



are zero. It can be seen by direct inspection of the Lagrangian ( 2.27] ), fl2.28| ) that 



this is the case not only for the diagonal boson fields - which have essentially 
the same properties as the electromagnetic field discussed in Part - but also for the 
non-diagonal bosons Bjrf > with p ^ q - provided the fermion polarization relations 
( [4.7| ) are independent of color and the quarks have the same mass, both of which we 
have assumed. 
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The required transformation, generalizing ( |2.59 ) to the case of periodic boson 
fields, is given by 



x' A = x A + £f x A 

x' x = x x , (4.14) 



where (cf.eqs.(pD,(p^)) 



= E R ?M L =0 -p(^ M ) + K )A L • ^ 



In contrast to the transformation ( |2.59|) involving only diagonal bosons, the 
transformation ( [4.14j ),( fi.l5 ) including periodic non-diagonal bosons is no longer an 



affine transformation because of the presence of the non-constant factor ex.p(iS pq ). 
However, it can be readily shown that the derivative of this factor induces an inter- 
action which is of second order in the boson fields and can therefore be ignored in 
the present context. 

In the local coordinate system, the resulting free-fermion Lagrangian is obtained 
by generalizing the form ( 2.41| ) to a superposition of fermions with a common polar- 



ization tensor. Anticipating interactions between different fermions, we write this 
now in the symmetrized real form corresponding to ( 2.43| ): 



L° f = -\Y,{^ [p) {^ Xd '^ (q) + exp(-iS w ") 

p,g 

- (X^V - Cj f i> [q) ) 4> (p) exp(-iS qp )} . (4.16) 



Note that contrary to the Lagrangian in the global coordinate system, the oscillatory 
terms have been retained in the local free-fermion Lagrangian (PI) . This is nec- 



essary, since the transformation ( f4.14| ) from global to local coordinates introduces 
oscillatory terms in the transformation Jacobian, resulting in a contribution from 
the oscillatory terms to the action integral over harmonic space in the coordinate 
system X' . However, we are concerned here not with the action integral, but only 
with the structure of the Lagrangian at x = 0. 

On transforming back to global coordinates, we retain as before the definition 



of the fermion fields ij)^' as given in Section 2/2 with respect to the harmonic-index 
metric field components in the local coordinate system, but regard the fields 
now as functions of the global coordinates. Thus we express the local derivative d' x 
in ( 4.16| ) in terms of the global derivative, 



d'x = dx-^d A , (4.17) 

or, applying Q4.15| ), 



a^ (r) = d x ^ - iJfei r V (r) { E B f )A exp(iS M ) + Bf )A \ . (4.18) 

In the previous treatment of electromagnetic interactions, we had simply identi- 
fied the local derivative d' x with the covariant derivative D\. However, in the present 
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case, in order to remove the phase- function factors in (4.16) and ( [4.18] ), it is more 
convenient to define the covariant derivative as 



(p) 



(p) 



q+p 



(<?) 



(p) 



(4.19) 



Comparing the derivative forms (4.18) and (4.19), we see that the effect of the 
non-diagonal boson interaction on a given 'input' fermion (p) is represented in the 
local derivative d'^ip^ as a scatter operation affecting the 'output' fields at different 
wavenumbers, whereas the covariant derivative D\ij)^ is defined as a gather oper- 
ation, in which all boson-'input' fermion interactions which affect a given 'output' 
fermion field (p) are collected together. 

Applying the definition ( 4.19Q , the complete fermion Lagrangian becomes (noting 
that oscillatory terms can be dropped again after returning to the global coordinate 
system) 



7 



p 

-(l»a^ (p) 7 A -w/-0 (p) ) V (p) } 
which yields the quark-boson interaction Lagrangian 



L qb~ 2 2^ V fc A + K A ) J X &(pq) + 2^ fc A J x B {d) > 
q+p p 



where the currents are defined as 



J 



(pq) ._ 



(q) 



(4.20) 



(4.21) 



(4.22) 



To complete the Lagrangian for the quark-boson system, we need also the bo- 
son free-field Lagrangian. Here we must distinguish between the non-diagonal fields 
B^P , p ^ q, with non-zero harmonic wavenumber, and the zero-wavenumber diag- 



onal field B^. For the former we obtain from (^31p and (p|) - (pl| ) 



L 



(nd) 



where 
and 



prq 
pA/M _ 

(pq) 



j?{pq)* pVA u {pq)* ttAxb 

A/iA *(pq) + n A\B n {pq) 



(pq) 



ttAXB 
H {pq) 



k (pq) ti (pq) 



L.B 73 AA 
k (pq)^(pq) 



(4.23) 



(4.24) 



(4.25) 



For the zero-wavenumber diagonal boson, the free-field Lagrangian reduces to 
the simpler form of the electromagnetic Lagrangian ( |2.32| ) , 



L 



j-,{d) TpX/iA 
r XfiA r (d) 



(4.26) 
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r (d) 



where 



Invoking the gauge condition (|2. 
ponding to bosons yields 



aX dM 
*(<t) 



(4.27) 



which for the mixed-index tensor subset corres- 



(p) 
A 



and 



XA_ 

(pq) 



\XA 

l (P5) 







(4.28) 



(4.29) 



(that the application of the gauge condition to the truncated set of fields is permis- 
sible will be verified later), the total boson free- field Lagrangian may be written in 
the alternative form 



J-ih 



L 



(nd) 



b + L b 



(d) 



p+q 



^ fiA B (pq) +^h^ 



(pq)* r aa 

b^XA &(pq) 



+ d x B^B^}. (4.30) 



(<*)/ 



Variation of the free-boson and fermion-boson interaction Lagrangians with re- 
ict to the non-diagonal fiel 
for the boson field equations 



spect to the non-diagonal fields , p ^ q, and the diagonal field Bfcft yields then 



u b } a XA 



(p) , h (q) 

A ' A 



J 



(qp) 



(4.31) 



Equation (4.31) is applicable now for both non-diagonal and diagonal bosons. 
In the latter case this follows by decomposing the field equation for the net diago- 
nal boson field B^ into field equations for the individual constituents Sj^l, each 



constituent being generated by its specific source term in accordance with (4.31) 



The solution factorizes, as in the electromagnetic case (cf,eq. fl2.6|) ), into the prod- 
uct of a constant vector in harmonic space and a vector field in physical spacetime: 



B 



(pq) 

XA 



(P) 
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(q)\ r>(pq) 



+ W B 



'x 



where the boson vector fields B^f 9 ^ satisfy the field equations 



( V - Cof) 



B 



(pq) 



-J 



(qp) 



(4.32) 



(4.33) 



Applying eqs. (4.32) and ( f4.33| ), it can now be readily verified a posteriori 
that the generating currents have zero divergence, provided the generating fermions 
have the same harmonic mass, which is the case. Thus the boson fields can indeed 
be defined to satisfy the truncated gauge conditions ( [4.28 ) and ( 4.29| ), as we had 
assumed. 

Equations flP^) and flOg ) are seen to represent the straightforward general- 
izations of the corresponding electromagnetic relations fl2.6| ),( 2l32] ) - Q2.65 ). How- 
ever we have chosen now for the general case a different normalization than used 
in the previous definition (]2.6| ) for the electromagnetic field: by factoring out the 



harmonic- wavenumber dependence in the definition of B^^ in ( 4.32| ), we have in ef- 



fect removed the coupling coefficients (e.g. the electric charge) in the source terms of 
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the boson field equations ( [4.33 ). The coupling coefficients will be reintroduced later 



when the bosons B^^ are renormalized in accordance with the gluon definitions of 
the Standard Model. 

Substituting the factorized form ( 4. 32; ) into ( 4.19| ) and applying ( 4.28| ), we obtain 
the fermion field equations 



where 



B 



(p) 



= A l Bf ) + A 2 ^B^ 



0. 



(4.34) 



(4.35) 



is the net diagonal boson acting on the fermion (p) and the coefficients, invoking (4.3) 
and the symmetrical-star symmetry of the quark wavenumber vectors, are given by 
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(4.36) 

(4.37) 
(4.38) 



The symmetry of the quark configuration implies that the three diagonal bosons 
are not independent. Applying d4^),(^32|),(|4~35D, (p~37D and flOp we find 



E4 W = E^ 



0. 



(4.39) 



As already mentioned, the empirical property that hadrons are white implies 
for the metron model that the wavenumber sum of all quarks in a hadron vanishes. 
Applying eq. ( 4.39| ) , it follows that the net integrated source function generating the 
strong-interaction far field of a hadron, consisting of the sum of all diagonal-boson 
far fields, vanishes (non-diagonal bosons can be ignored, as their finite harmonic 
mass yields an exponential rather than an 1/r fall off for large distances r from 
the particle core). We note that the mean-field cancellation applies only for the 
far fields, which depend only on the spatial integrals of the source functions, since 
the spatial distributions of the currents generating the individual diagonal boson 
fields can differ for different bosons within a hadron particle. The lack of far fields 
represents an important distinction between strong interactions and electroweak and 
gravity interactions. 

Substituting the factorized form ([4. 32) of the boson fields into the covariant 



derivative (4.19) in the fermion Lagrangian ( f4.20D and into the free-boson Lagrangian 
( |i,30 ), we obtain finally as the metron form of the total Lagrangian for the strongly 
coupled fermion-boson system: 



L 



M 
st 



A!C 3 



Y,dxB^d x B 
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+ uJ b B x B 



(pi) 



p¥=q 
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+ Cjfij) 



(p) 




+f \ e + e <yf } • (4-40) 

We conclude this sub-section with some remarks on our terminology for bosons. 
Bosons are defined generally as the mixed-index metric tensor fields generated by 
quadratic difference interactions between fermions. We have distinguished between 
tensor bosons B^l and vector bosons -B\ , the latter being defined by the fac- 
torization ( [4.32| ) derived from the boson field equations ( |4.31| ). Both tensor and 
vector bosons (b) have been characterized so far by an index pair (pq) identifying 
the pair of generating fermions (p), (q). These determine the difference wavenumber 
jSm) _ jSp) _ fcW) c h arac t er j z i n g the periodicity of the boson and the sum wavenum- 
ber kj? = kjfi + fcj? which defines the direction of the vector boson in harmonic 
space. 

To establish the connection to the Standard Model, we will need in the following 
to consider bosons defined more generally as linear combinations of the above bosons. 
The generalization is required whenever different pairs of fermions (p), (q) generate 
bosons with the same difference wavenumber . The redefined boson fields, 
however, can then no longer be attributed to a single pair of generating fermions. 



Equation (|4.4Q ) illustrates a case in point. Since the harmonic sum vectors 
for different diagonal vector bosons (b),(b') are not orthogonal, k^k^^ ^ 0, the 
diagonal-boson sector of the free-boson Lagrangian, expressed in terms of the original 
bosons, is not diagonal - in contrast to the free-gluon Lagrangian of the Standard 
Model. In the following sub-section we shall diagonalize the free-boson Lagrangian 
through a suitable linear transformation, the resultant bosons then being generated 
by more than one current from more than one fermion (the same holds also, of 
course, for the bosons of the Standard Model). 

Relation to chromodynamics 

The metron relations ( [4.33j )-( |4.40| ) exhibit a close structural similarity to the SU(3) 
chromodynamic sector of the Standard Model. The set of metron bosons 

consists of eight independent real fields: three diagonal fields B^\ or equivalently, 

* (p) 

B£ - of which only two are independent, however - and six real fields representing 
the six non-diagonal components B^\ p ^ q. The eight independent metron bosons 
can be related to the eight hypercharge gauge bosons G£ of the SU(3) generators 
A P (p= 1,...,8). 

Introducing vector notation i/> = ip^ , tp^J , the covariant derivative for 

fermion fields is given in the SU(3) model by 

D^= (d A -^£G^A p W (4.41) 
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where g 3 represents the strong-interaction coupling coefficient and the generators X p 
of the SU (3) gauge group consist of two traceless diagonal phase-shift generators, 
in the standard Gell-Mann notation |3j, 



A 3 := diag(l,-l,0) 
As := -^=diag(l,l,-2) 



(4.42) 
(4.43) 



and six further non-diagonal generators. The latter can be grouped into three pairs 
of generators, each generator pair consisting of the first two Pauli matrices 01, 02 
acting on one of the three different combinations of quark pairs. 

Comparing ( 14.41 ) with (|4.34j ), the non-diagonal terms in the covariant derivatives 
of the metron model and the SU(3) model are seen to be identical if the following 
assignments are made: 

93 = C 3 /N 3 (4.44) 



and 



specifically 



non-diagonal G x = Re or Im \N 3 B 



(M)l 



(p ¥= q), 



4 6) 



Re N 3 B X 
Re N 3 B X 
Re N 3 B X 



(12) 
A ' 
(13) 
A _ ' 
(23) 



Gf 
Gf 

4 7) 



Im N 3 B X 



(12) 



Im N^B 



Im N 3 B X 



(13) 
A ' 
(23) 



(4.45) 



(4.46) 



where N 3 is a normalization factor. To reproduce the non-diagonal sector of the 
Standard Model free-gluon Lagrangian 



L 



SM 



^A ^0) 



(4.47) 



we must set , according to ( |4.40 ) 



N 3 



r C 3 



(4.48) 



so that 

93 = VC~ 3 . (4.49) 

A (p) 

The remaining terms containing the diagonal bosons B x in the metron form 

( [4.34 ) of the covariant derivative - from which we select, say, B x and JB^ 2 ' as the 
independent fields - can also be brought into agreement with the corresponding 
terms in the Standard Model covariant derivative ( 4.41| ), while yielding the correct 
form for the diagonal sector of the free-boson Lagrangian ( [1.47 ), through the linear 
transformation: 

/ 6(1) \ / 1 _L \ / ^(3) \ 

(4.50) 




where the normalization factor must be chosen in this case as 



iV 3 



c 3 



(4.51) 
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Expressed in terms of the gluon fields as denned in (4.46) - ( |4.50| ), the metron 
Lagrangian ( 4.40 ) then becomes 



_1 J2 (d x G^*d x G^ + Cj 2 b G[ p) *G^ 



where 



non diag p 

- E ^ {P) (~f Xd ^ ip) + ufi> (p) 

V 

+f E Gf (>7V) + f E 4 P) (^7V), (4.52) 

diag p non—diag p 



93 ■= ("i - "2)293 = (4.53) 



This is identical to the strong-interaction Lagrangian of the Standard Model, ex- 
cept for the difference in the coupling coefficients for the diagonal and non-diagonal 
bosons (we have excluded the boson-boson coupling terms, which were not con- 
sidered). It should be recalled, however, that the metron interactions considered 
here represent only a truncated subset of the interactions of the full metron model: 
we have ignored the quadratic sum interactions and all higher-order interactions, 
and the analysis of the quadratic difference-interactions was also restricted to the 
mixed-index tensor components. 

A more fundamental difference is that there exists no equivalent of the 'mode- 
trapping' mean field of the metron model in the Standard Model. In establishing 
the correspondence between the metron and chromodynamic models, we have ac- 
cordingly not considered the mean wave-guide field or addressed the mechanism of 



mode trapping in the metron model - although, as discussed in Section |1.4j , these are 
essential elements of the metron model. Similarly, we have not considered the origin 
of the quark masses, which we also attribute to the mode-trapping mechanism in 
the metron model (in the following discussion of electroweak interactions, however, 
we shall discuss an alternative metron equivalent of the Higgs mechanism for the 
generation of the electroweak boson masses). 

These aspects were in effect factored out of the above discussion by consider- 
ing only the coupled quark-boson field equations as such, without regard to the 
mechanisms which determine the assumed form of the metron solutions. 

For this reason, the metron expressions (|4.49| ), (|4.53| ) for the coupling coeffi- 
cients 93,^3 cannot, at this stage of the analysis, be compared quantitatively with 
the Standard Model coupling coefficient, and the fact that the metron coupling co- 
efficients for the diagonal and non-diagonal bosons are not the same is relatively 
immaterial. As in the corresponding expression ( |2.63| ) derived for the elementary 
electric charge in Section ^4|, the local coupling coefficient depends on the normal- 
ization of the fields. This is different in the metron model, where we are concerned 
with real fields, than in quantum field theory, in which the normalization applies to 
a set of operators. In the case of the electric charge, the normalized coupling coef- 



ficient could be expressed in Section ^5| in terms of an integral property f3 e of the 
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electron (eq.( |2.97| )) by considering the electrodynamic far field generated by the net 
electron current, which was determined by integrating the current density over the 
electron core. Analagous computations need to be made for the metron represen- 
tations of hadrons to determine the metron strong-interaction coupling coefficients 
quantitatively. 



4.3 Electroweak interactions 



The metron interpretation of electroweak interactions can be developed in a manner 
very similar to the chromodynamic case, except that we must allow now also for zero 
or almost zero lepton masses. For this reason the minimal non-Euclidean model 
( [2.45 ) is less suitable as reference model (cf. Section 2.3), and we consider only 
the minimal Euclidean model ( 2.58|) . To be consistent with the chromodynamic 
model, we extend also the minimal Euclidean model through the addition of a fifth 
harmonic dimension, in this case by simply adding a last row and column to the 
polarization tensor ( [2.58 ), If we allow now in addition to the non-zero wavenumber 
component k§ of the minimal Euclidean model also an arbitrary non-zero component 
kg, requiring as before that all other wavenumber components vanish (with the 
exception, discussed below, of the neutrino wavenumber component k$), the trace 
and divergence gauge conditions ( 2.13[ ), ( |2.15| ) require that the additional column 
and row must be zero. Thus the extended form of the minimal-model polarization 
tensor (2.58) becomes 



'2E 



f o 











o \ 








<p? 


<f>2 








<p? 
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V o 











o I 



(4.54) 



For the form ( |4.54j ), the fifth harmonic index does not appear in the expression 
( [2.36 ) for the fermion metric M. Thus it follows, as in the analagous discussion of 
the polarization tensor ( |2.45 ) for the minimal non-Euclidean model (+3,-1), that 
t/99 can have either sign. The extension of the minimal Euclidean model (+4) to 
five dimensions therefore yields either an Euclidean model (+5) or a non-Euclidean 
model (+4, —1). The non-Euclidean model has the formal advantage that it permits 
the representation of massless fermions with non-zero harmonic wavenumbers, but 
in the electroweak metron model presented below, this feature is not implemented: 
in the zero-mass limit, all wavenumber components tend to zero. 

We recall that the motivation for introducing an additional harmonic dimension 
was to describe colored quarks by a polarization tensor which is independent of the 
quark color. In the case of electroweak interactions, it will be found that the original 
minimal-model form ( |2.58| ) already yields a polarization tensor which is independent 
of flavor, so that from the viewpoint of electroweak interactions there is no need to 
extend harmonic space to five dimensions. As example, we shall present results below 
only for the model (+4, —1), but all conclusions hold, with minor modifications, also 
for the models (+5) or (+4). 
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Metron representation of lepton-boson interactions 

We consider first electroweak interactions in the lepton sector. The lepton wavenum- 
ber vectors are assumed to consist of components k$, k$ in the electroweak plane and 
an additional component kg. Specifically, for the lepton pair v and e~ we set (cf. 
Fig 0b) 

tiSy) Ay) Ay) Ay) Ay)^ / n Ay) n n Ay)s 

{K, 5 , Kg , Al 7 , ftg , ftg ; — ^U, Kg , U, U, «,g ) > 
(k (e) Ae) Ae) ,(e) Ae), _ ,,(e) ,(e)v t 4 ' 55 ) 

^5 ; ^6 ' "'7 ' ^8 ' ft 9 J ~~ 1^5 , u, u, u, ftg ). 



The wavenumber configuration ( 4.55| ) applies also for the (+5) Euclidean model. 



For the minimal (+4) Euclidean model, the wavenumber components kg are simply 
suppressed. In this vanishes in the expressions given below, and there is no 

cross-coupling between the charged current and the neutral boson Z\ Q. 

The wavenumber components k$, k$ will be associated with the electromagnetic 
and weak-interaction coupling coefficients, respectively. Since the wavenumber com- 
ponent kg occurs only in the electroweak interactions, we shall refer to the harmonic 
wavenumber sub-space ks,ks,kg orthogonal to the chromodynamic plane kj,ks as 
the extended electroweak wavenumber space. 

We assume that the metron solution contains only a single left-handed neutrino 
field v = u L , but both left-handed and right-handed electron components e L ,e R . 
Since the neutrino has no right-handed component, the polarization tensor ( [4.54 ) 



is seen to be compatible with the guage conditions ( [2.13 ), ( 2.1 5| ) even though, in 



contrast to the general requirement for arbitrary fields, the neutrino wavenumber 
component fcg is non-zero. 

The existence of only a single left-handed neutrino field implies that the neutrino 



harmonic mass Cj u = {k^ k^) 1 ^ must be zero (cf.eqs. (2.51),( p.52| )). However, for 



formal reasons we retain a very small neutrino mass, neglecting nevertheless the 
small right-handed field component with which this is accompanied. To lowest 
order - disregarding the lepton asymmetry which we attribute in our case to the 
mode-trapping mechanism - we assume that the mass of the electron is the same as 
that of the neutrino (i.e. very small but finite) and that 

A>) = _£>), £>) = _£>). (4.56) 

Thus the neutrino and electron wavenumber vectors are identical up to a sign change 
in kg and a rotation in the electroweak plane (the sign change arises through the 
negative charge of the electron). 

For the left-handed components, the representations ( 4.54 ),( 4.55| ),( f056| ) are in- 



variant with respect to rotations in the electroweak k§, /cg-plane, in accordance with 
the SU{2) symmetry of the Standard Model. The symmetry does not hold for the 
right-handed fields, for which we require always fcg = in order to satisfy the gauge 
condition. We note that the same polarization tensor has been assumed for both 
the electron and the neutrino, which, as has already been mentioned, simplifies the 
analysis, particularly in the treatment of non-diagonal boson interactions. 
We consider now the boson fields 



(On) 
9\A 



(ml) 
9\A 



B { lfe^ (4.57) 
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generated by quadratic difference interactions between leptons I, m, where 

S lfn = S l_ S m = ^0 _ k rn)^ ^ = ^in) %A _ ^ 

For the lepton pair u, e~ , these consist of two real diagonal bosons g^P and g^ 
(which, in constrast to the chromo dynamic case, are linearly independent for the 
lepton wavenumber configuration) and the two real components of the complex non- 
diagonal boson g^A- The metron bosons can be related to the two real diagonal 
bosons and the two real components of the complex non-diagonal boson of the 
electroweak U(l) x SU(2) gauge group. 

The details of the coupling can be determined by the same transformation 
method as applied in the derivation of the quark-boson chromodynamic interac- 
tion Lagrangian ( 4.21 ). Since (^pj^dxtpj = hp Rr y^d\ip R ^ + (^p L j^dxip L j , the left- 



and right-handed leptons in the derivative terms in the fermion Lagrangian ( p. 49 ), 



which generate the electroweak bosons, are not cross-coupled. Thus the resulting 
bosons Bx™^ consist of a single complex non-diagonal boson B^a generated by the 
left-handed electron and neutrino components, a diagonal boson generated 

(ee) 

by the left-handed neutrino, and a second diagonal boson B XA generated by the 
electron (which we need not decompose into left- and right-handed components). 

In analogy with the chromodynamic case, we obtain: tensor boson field equa- 
tions of the form ( |4.31 ), whose solutions can be factorized in accordance with ( [4.32 ) 



into a harmonic wavenumber term and a vector boson field; a general expression 



analagous to ( 4.34 ) for the covariant derivative; and a coupled lepton-boson interac- 
tion Lagrangian of the same form as ( f4.40| ) . The only difference is in the geometry of 
the interacting wavenumbers and in the distinction between left- and right-handed 
fields. 

Replacing the quark indices in the chromodynamic expressions by the corre- 
sponding lepton indices, the covariant derivatives become in the electroweak case 




(4.59) 

^ e) =^ e) -^M e) , (4.60) 



where 



C-2 



\ (*M + *>)) + H 
Urf e+ ul + 2 K l e ), (4.61) 



with IB] 





— k A k {e) 


= «r 


ftg 






- k {v)2 

— K,g 


I.M2 

ftg 


'Ve 


— k A k {e) 
■- K (y) K A 


— Kg 


" k^ 2 



(4.62) 
(4.63) 
(4.64) 
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and where By' ' , .b! are the net diagonal bosons acting on the leptons v and e 
respectively, 



2 
2 

C 2 



} + 4eB 



(eg) 
A 



K ueB\ 



(4.65) 
(4.66) 



In analogy with the chromo dynamic result ( 4.40|) , the total lepton-boson elec- 
troweak Lagrangian consists then of the sum 



(4.67) 



of the free-boson Lagrangian 



with 



ill 



+C 2 (d x B^*d x B^ } + ^ Z7 A 



Id.B^d^B* + 2Kv P d\B^ d x B? 



(ve)* 



B 



(ve) 



'(fie) 

)}• 



(i/P) 



W 7 . 



(# - 4 e) ) (4) - 4)) 



~2 . ~2 



2k 2 



the standard free-fermion Lagrangian 

L* f = -V^V^W _ ^(e) + fl^e) 

and the interaction Lagrangian 



Hb 



Co 



M 7" A J- R^ e ) f A _i_ R<^ e ) 7 A i R^e)* tA* 
A J (vv) + -°A J (ee) + -°A J (Pe) + -°A J < 



(Pe) 



}• 



(4.68) 



(4.69) 



(4.70) 



(4.71) 



where 



A 

(Pi/) 



'L,A„/» 



J, 



(ee) 



(<0 



J, 



(ve) 



L 



(4.72) 

For positive square harmonic mass cD 2 g of the non-diagonal boson, the wavenumber 
components must satisfy the inequality (cf. eqs,( 4.69| ),( f4.56| )) 



k 



(e)2 



kc ^> 2/Cf 



(e)2 



2k 



(v)2 



(4.73) 



We note that in the limit of vanishing lepton masses, the coupling coefficients 



for the diagonal bosons B x 



(vv) R (ee) 



B^ c >, eqs. (|462D, (^63l) , ( p5|) , ( p6| ), become 



zero: finite lepton masses cD,,,c<; e are required formally to generate diagonal bosons. 
However, in the limit of zero mass, the generating trapped-mode fermion fields fall 
off as 1/r for large distances from the metron core, as opposed to the exponential 
decrease for a finite-mass trapped field (cf. Section L4). In this limit, the integral 
of the generating lepton current Jfp v \ diverges. It should thus be possible - within 
the framework of a more complete mode-trapping analysis - to consider a limiting 
transition to zero lepton mass such that in the massless limit the product of the 
very small coupling coefficient and the very large integral current yields a finite net 
(integrated) coupling coefficient. In fact, it was shown already Section L4 that a 
vanishing local coupling coefficient was a prerequisite for the existence of an asymp- 
totically free wave-guide mode. However, details of the trapped-mode solutions are 
not considered in this paper, and it we shall accordingly assume that the coupling 
coefficients £> 2 ,£>e are small but finite. 
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Relation to electroweak interactions in the Standard Model 



The metron electroweak covariant derivatives ( 4.59 ), fl4.60| ) and interaction La 



grangian (4.71) clearly exhibit a close resemblance to the corresponding relations 



of the Standard Model. In the Weinberg-Salam-Glashow model of electroweak in- 
teractions, the lepton covariant derivatives are given by § 




-9iBx + 92W® g 2 (wjp - iW : 
2 ^ 92 (W® + iW®) - 9l B x - g 2 W® 

Dx^ = d A V4 6) + i9iBx^ , (4.75) 

(i) 

where B\, W\ ,j = 1, 2, 3 represent the hypercharge and weak isospin bosons of the 
U(l) and SU{2) gauge groups, respectively, with associated coupling coefficients g\ 
and g 2 . 

Expressed in terms of the complex non-diagonal bosons 

W± := (wW =F wf } ) fy/2 (4.76) 
and the rotated diagonal bosons 

A x : = cos 9 W B x + sin W wj 3) 

Zx := - sm9 w Bx + cos 9 w wi 3) , (4.77) 
where the electroweak mixing angle 8 W is defined by 

BW.e w := gi/<J(gi+g%), cos9 w :=g 2 /yf(gl +52). ( 4 - 78 ) 
eqs. ( 4.74[ ), ( |4.75| ) may be written 



{gl + gl)/2)Zx (92/V2)W+ \ / \ 

(g 2 /V2)W^ -eA x + [(gf - g\)l (2^? + ^)) } Z x ) { # ) ' 

Dx^ = d^R ~ i{~^x + (gl/^{gl+g 2 2 )) Zx] ^\ (4.80) 

where 

e = gig 2 /^{gl + g 2 2 ) (4.81) 

is the elementary charge. 
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The lepton-boson interaction Lagrangian of the Standard Model becomes in this 
notation 

Lf b M = ( + ffimzxJ^ + {(gl- g\)l [^(al + g 2 2 )) } z x jfa 

-eA x J x Se) + (g 2 /V2) (w+J^ + W A ~ J ( i } ) . (4.82) 



Comparing the metron and Standard Model covariant derivative expressions 
( p39j) and (gT^) , we can first immediately identify - in analogy with the chro- 



modyamic case - the complex non-diagonal metron bosons B^ e ^ and B^ u ^ = B^ e ^ 



with the charged weak-interaction bosons W\ : 

= N 2 B { x uS) /V2 

W x = N 2 B { f ) /V2, (4.83) 

where the metron and SU(2) coupling coefficients are related through 

92 = C 2 /N 2 (4.84) 

and N 2 is a scaling factor. To yield the correct normalization of the non-diagonal 
components in the free-boson Lagrangian 

Lf M = ~\ (dxA, t d x A» + d x Z^d x Z» + 2d x W+d x W^) , (4.85) 
the scaling factor must be set to 

N 2 = y/Qi, (4.86) 

so that 

52 = VC^- (4.87) 

The diagonal-boson sector of the metron interaction Lagrangian can also be 
brought to close (but, as in the strong-interaction case, not perfect) agreement with 
the Standard Model electroweak Lagrangian through a suitable linear transformation 
relating the metron bosons b{ ,B^ to the corresponding diagonal bosons A\, Z\ 
of the Standard Model. The transformation must reproduce the standard form 
( [4.85| ) of the free-boson Lagrangian, while yielding an interaction Lagrangian of the 
general form ( |4.82 ). This is characterized, in particular, by the vanishing cross- 



coupling between the neutrino current Jh} V \ an d the electromagnetic field A\ (the 
neutrino carries no electric charge). 

The two conditions uniquely determine the transformation to within the signs 
of the boson fields A\,Z\. These are determined by the sign convention chosen 
for the coupling coefficients. The diagonalization of the diagonal-boson sector of 
the free boson Lagrangian ( 4.6S| ) in the standard isotropic form ( 4.85 ) defines the 



transformation to within an arbitrary rotation. The rotation is then fixed by the 
second condition that the coupling between J X Pu ^ and A\ is zero. One finds 



1 „\ k 



2 

ve 



B M = ±z x + ^LA 

Co,, 
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where 

\2*2 4 



A z := QjiCoi - 4 e . (4.89) 

A necessary condition in order that Lff represents a negative definite form and can 
therefore be transformed into the normal diagonal form ( [4. 85 ) is that A 2 > 0. This 
is already ensured, however, by the inequality ( [4.73 ). 



The transformation fl4.88| ) corresponds to a transformation of the wavenum- 
ber base used in the factorization of the diagonal tensor bosons into vector bosons 
from the original non-orthogonal wavenumber vectors k^ u \k.^ to the orthonormal 
wavenumber pair 



k< z > = -^-kM (4.90) 



k (A) = ^ kW _^ k (e) (491) 

uj u A A 

Thus the electroweak diagonal tensor boson may be represented in the two alterna- 
tive forms 

B^l = fcM B W + k f B <f) or (4.92) 
Bf\ = k^Zx + k^Ax (4.93) 



The signs of Ax, Zx in the transformation ( [4.88 ) have been chosen such that positive 



&5 and fee correspond to positive electrical and 'weak-interaction' (not to be identified 
with isospin) charge, respectively, the electron carrying negative electric charge (cf. 
eq.(pll))- 



In contrast to the original representation ( 4.92 ), the orthonormal representation 



( [4.93 ) no longer specifies the individual fermion pairs which generate the diagonal 



bosons. However, it is in accord with the usual Standard Model representation and 
is more convenient for the extension of the analysis, in the following sub-section, to 
electroweak interactions between quarks. It will be found that these generate the 
same set of electroweak bosons, but the diagonal bosons are produced in different 
linear combinations than in the lepton case. It is then useful to have a common 
orthonormal representation for both sets of interactions. 

For the metron lepton-boson interaction Lagrangian we obtain finally, in the 
boson notation of the Standard Model, 

2 

L% = u u Zx4 u) + ^Z X J { A ge) - e M A x J ( A ge) + ^= (w+J^ e) + W A " jf gv) ) , (4.94) 



where 

e M ■= — (4.95) 



The metron form ( [4.94 ) is seen to agree in general structure with the Standard 



Model lepton-boson electroweak interaction Lagrangian ( |4.82j ) (the boson-boson in- 
teraction terms were again not considered in either model). The diagonal sectors 
of the two models can be matched more closely through a suitable choice of the 
wavenumbers determining the square frequencies Q%,&\ and scalar product K 2 e , 
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which define the metron coupling coefficients. However, as in the chromodynamic 
case, a perfect agreement cannot be achieved (in contrast to the exact match estab- 
lished for the non-diagonal bosons). As before, this is not particularly disturbing in 
view of the basically different role of the metron and Standard Model Lagrangians 
in the description of particle states and interactions. For this reason, the metron 



equivalent ( [4.95| ) of the elementary charge carries an index M as a reminder that the 
coupling coefficients of the two models cannot be compared quantitatively without 
considering the different normalizations of the fields/operators in the two models. A 
quantitative determination of the electric charge in terms of integrated properties of 
the metron solution was presented within the framework of the metron description 



of the Maxwell-Dirac-Einstein system in Section 2.5. A similar computation would 
need to be carried out now for the extended electroweak system. The same applies 
for the coupling coefficients g%, eq. fl4.87Q and, as has already been pointed out, for 



the strong- interaction coupling coefficient 53, eq.(4.49) 



Electroweak interactions between quarks 

The metron picture of electroweak interactions between leptons carries over with 
only minor modifications to quarks. Consider the electroweak interactions between 
two quarks, u, d, say, of the same color but different flavor. The discussion is 
restricted again to a single quark family. To represent different quark flavors we 
modify the original definitions fl4.3[), (4.4) of the quark wavenumber vectors, which 



were assumed to lie in the strong- interaction color plane kj,ks, by including now 
also wavenumber components k^,kQ, kg in the extended electroweak space. 

The polarization tensor (£Oj) must then also be modified such that the fermion 
matrix satisfies the relation M = (a)) -1 ^ 4 , for the non-Euclidean model, or M = 
E^ 1 ^ 4 , for the Euclidean model, together with the zero-trace and divergence gauge 
conditions. This can be achieved, for example, by rotating, or Lorentz transforming, 
the harmonic sub-space such that the new wavenumber vectors lie again in the 
color plane. One can then apply the original polarization relations (|4.7| ) in the new 
coordinate system and transform back to the old coordinate system to obtain the 
modified polarization tensors. 

The transformation depends on the additional electroweak wavenumber com- 
ponents k^,kQ,kg and therefore on the quark flavor. This violates our simplifying 
assumption, made for both strong and electroweak interactions, that the polarization 
tensor is independent of the fermion color or flavor. However, we assume that the 
electroweak wavenumber components are small compared with the strong-interaction 
components. In this case the polarization tensor can still be regarded as indepen- 
dent of the quark flavor to lowest order. The flavor-dependent modifications of the 
polarization tensor produce a weak symmetry breaking in the strong interactions, 
but have no impact to lowest order on the electroweak interactions with which we 
are concerned here. 

Specifically, we assume that the harmonic wavenumber vectors of the quarks are 



given by (cf. Fig 4.1b) 



kW = --k( £ ) + -k^ + k^ (4.96) 
3 3 
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= I k ( e )--kM+k( c ), (4.97) 
3 3 

where 

k( c ) = (o,o,4 c) ,4 c) >°) ( 4 - 98 ) 

is the common color wavenumber vector. The electromagnetic wavenumber com- 
ponents &5 , k$ are determined by the standard assignment of charges to the up 
and down quarks in the Standard Model. The remaining extended weak-interaction 
wavenumber components fcg , fcg and k^, kg follow from the requirement that the 
lepton and quark interactions {ye) and (ud) generate the same non-diagonal boson. 
This yields two conditions: the difference wavenumber vectors must be identical, 
and the directions of the sum wavenumbers in the extended electroweak sub-space, 
which define the harmonic direction of the non-diagonal electroweak tensor boson 
(cf. Q4.32D ), must be the same. Indeed, eqs. (|4.96|) , Q4.97D yield 



k («) + k (d) = _ 1 + k (e)^J + 2k (c) ( 4>99 ) 

The wavenumber assignments ( [4.96D , (|4.97| ) also ensure that, apart from the 
color wavenumber vector k^ c \ the directions of the zero- wavenumber diagonal tensor 
bosons for both quarks and leptons lie in the same plane in the extended electroweak 
sub-space spanned by the vectors k^,k^ or, equivalently, k^ , k^ . Thus with 
respect to the extended electroweak sub-space orthogonal to the color plane, quarks 
and leptons generate the same set of bosons. 

However, in contrast to their lepton counterparts, the quark-generated bosons 
also have strong components in the color plane. The tensor-boson factorization 
( [4.32 ) yields in the present case 



B%£> =: kfB^ + k^B^ (4.100) 
B [f =: k^B^ + k^B^ (4.101) 
flgf =: Uk { ^ +kf ] )B^ + k^B { f\ (4.102) 

where we have divided the vector bosons defined on the right hand side into com- 
ponents B^ u ^ , B^ d ^ and B-j"^ with harmonic directions lying in the extended elec- 
troweak space and a vector boson B^^ associated with the color wavenumber vector 
k c . This is common to all three tensor bosons and can be identified as the strong- 



interaction boson B^^ considered in Section O, where (q) represents a quark of 
color c. Since we are concerned here only with the electroweak-interaction sector, 
we shall discard this boson in the following. 

The remaining quark-generated electroweak bosons can be determined in the 
same way as the lepton-generated bosons in the previous section. Using the boson 



representation Z\, A\ and and applying the relations ([4.96|)-([4.99|), (f4.83|) , ( [4.86 ) 



and (|490|),(^9ll), we obtain as generalization of ( [4.40| ) and (|4.67|) -( [4.72[) for the 



metron form of the total single-family electroweak Lagrangian 

-A 
J f 



^eL — Lff + L¥ + L^ wint , (4.103) 
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where the free-boson and free-fermion Lagrangians L^f , are given as before by 
eqs.( 4.85 ), (|4.70D , respectively (the fermion sum in ( 4,70 ) extending now over both 




leptons and quarks) and the electroweak interaction Lagrangian is given by 

r M _ 7% J r j(Pv) , K le T-(ee) [ 2k L , 1 r \ r(uu) ( *>le 

Lewmt ~ Za \^ + ^7 Ja + I v "3^7 + 3^J j " 

+ -3 {^A + (4e) " ^ J M)) + W X ( J (i) " ^ J (l)) } • ( 4104 ) 



The expression Q4.104 ) agrees in general structure with the electroweak Lagrangian of 
the Standard Model, but differs again in the details of the weak-interaction coupling 
coefficients - as to be expected. 

An important difference between the two models is that the metron model (as 
proposed here) preserves parity for the weakly interacting quarks: there is no distinc- 
tion in the interactions between left-handed and right-handed fermion fields when 
both fields are present. Parity violation of the weak interactions is attributed in 
the metron model entirely to the existence of the massless (or almost massless) left- 
handed neutrino, which can interact only with the left-handed electron component. 
Most of the classical experiments on the parity violation of the weak interactions 
involve interactions with neutrinos. To test the metron picture, it would be of in- 
terest to devise experiments to determine the parity of weak interactions involving 
only (up and down) quarks. 

The Higgs mechanism 

In the Standard Model, the symmetry-breaking Higgs mechanism is invoked to gen- 
erate the fermion masses and the masses of the charged and neutral weak-interaction 
bosons. We shall not resort to the Higgs mechanism to explain the fermion masses, 
but attribute these simply to the mode-trapping mechanism, which we assume pro- 
duces a non-5'L r (2)-symmetrical particle state. However, an interaction analagous to 
the Higgs mechanism in the Standard Model is needed to explain the boson masses in 
the metron model, since the lepton-boson interactions alone yield either zero boson 
mass, for the diagonal bosons, or a small mass of the order of the lepton mass, for 
the non-diagonal bosons. In the following we therefore consider a simple interaction 
which generates boson masses in a manner similar to the Higgs mechanism. 
As metron analogue of the Higgs field, consider a periodic perturbation 

9 { ab = 9 { aUx) exp(ik^x A ) + c.c. (4.105) 

of the harmonic components of the metric field. For harmonic metric field compo- 
nents, the Lagrangian describing the interactions of the field with bosons can be 



obtained, as shown generally in Section 2.3 and implemented so far for fermions, by 



replacing the partial derivatives in the free-field Lagrangian fl2~34p by the appropri- 



ate covariant derivatives. Applying ( 4.19j) , (|4.13 ) and (|4.33|) , the Higgs Lagrangian, 



135 



including both the free-field contribution and the interaction of the Higgs field with 
the electroweak bosons, is accordingly given by 

Lh = ~\{ [ dx9 AB ~ ik fh) ( B xc ex P iSvs + B { ™ ] exp iS eP + g% 



d 



X AB 
9(h) 



ik 



c 



(B(%) ex P iS -e + B} e % exp iS eP + B$) gf h f 



+ 



r ,2(h)* AB\ 
LO h9 A B 9(h) J > 



where 
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XA 



B 



(ev)* 
\A 



K A Z K A R (^e) 
A 



AA 



This may be written 



(4.106) 

(4.107) 
(4.108) 

(4.109) 



where I represents the Higgs-boson interaction terms of structure (ignoring deriva- 
tives) g^*Bg^ and M b is the boson mass matrix of the form gW* g( h ) B* B |§. 

Previously, we had been concerned with the interaction terms I for the special 
case that the field g^ corresponds to a fermion field. Here we are concerned with 
the higher-order terms M b . We find 



( 2 i 2 
y K hu ' K he 



B 



0^0* £ A 



A 



(ve) 



+ v 2 (kIb^+kIB^) (kIb, 



(vv) + K heB( eS ) J , 



where 



and 



2 (h)* AB 
v =9AB9( h ) 



K hv 
K he 



K A K (v) 
W h A 



ft A ft 



(e)- 



(4.110) 
(4.111) 

(4.112) 
(4.113) 



The first term on the right hand side of eq.(4.110) yields the square mass m 2 v ± 
of the charged boson W^K Substituting the relations ( 4.83j ), ( [4.86 ) and (4.61), we 
obtain 



m 2 v ± 



2 V 
he ) 



+ + 2nl e 



(4.114) 



The second term represents the mass matrix for the diagonal bosons. The matrix 
is singular: mass is generated only for the boson defined by the linear combination 



hvB\ 



(vv) 



+ kLb 



he A 



of A\, Z\, using (g 

\ K hv^X 



(eg) 



; the orthogonal boson remains massless. Expressed in terms 
, the massive boson is given by 



4- k 2 R (e5) 



K 



K ve ( 



2 2,2-2 
K hv K ve ' K he UJ v 



A x . 



(4.115) 
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To recover the Standard Model result that the massive diagonal boson is identical 
to Zx, we require 



"he 



*2 



The square mass of the Z^-boson is accordingly 



m| 



2 4 ~ — 2 
V K hv UJ v . 



(4.116) 



(4.117) 



A simple solution of eq.( 4.116| ) is that the Higgs and neutrino wavenumbers are 
the same and that the Higgs and neutrino fields are in fact identical. The Higgs 
mechanism represents in this case simply a higher-order neutrino-boson interaction. 



The condition (piq ) implies, according to (gjgg ), $L6§ and fling), (pT3|) , 
that the projection of the Higgs wavenumber onto the plane spanned by the neu- 
trino and electron wavenumbers lies parallel to the neutrino wavenumber. This is 
a non-symmetrical property. In the Standard Model, the symmetry breaking of the 
Higgs field is attributed to the existence of non-symmetrical vacuum states for a 
symmetrical potential (with an instability at the origin). In the metron model we 
argue similarly that the n-dimensional gravitational equations, although symmetri- 
cal in harmonic space, allow non-symmetrical trapped-mode solutions (as we had in 
fact already assumed in allowing different masses for the electron and the neutrino). 

Applying (pl6|) to ( gTgj) and (pT7|) , we obtain for the ratio of the charged 
and neutral boson masses 



m w ± 
m z 



&l + K 2 ue 



,2 \l/2- 



(4.118) 



The neutrino and electron harmonic wavenumbers can be chosen to reproduce the 
observed mass ratio 

m w ± 



cos 9„ 



0.87. 



m z 



(4.119) 



However, as pointed out above, there is little point in tuning the metron model too 
closely to the Standard Model in the present stage of the analysis. This must await 
detailed computations of the trapped-mode metron solutions, which alone can yield 
quantitative information on the particle masses and other particle properties. 



4.4 Invariance properties 

In the construction of the metron model, we have so far made no use of general 
invariance considerations (apart from the more technical application of invariance 
properties in the determination of fermion-boson interactions). This is in marked 
contrast to the Standard Model, which is founded on the principles of gauge symme- 
try. However, it is in keeping with the general metron philosophy: specific symmetry 
properties are attributed to the individual geometrical features of the trapped-mode 
particle solutions, rather than to the symmetries of the basic Lagrangian, which 
exhibits 'only' the general gauge symmetry corresponding to the invariance with 
respect to coordinate transformations. We accordingly assumed that the metron so- 
lutions exhibit the discrete permutation symmetries associated with the SU (2) and 
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SU (3) gauge groups of the Standard Model. The question then arises: do the metron 
solutions exhibit also continuous symmetry properties which can be related to the 
continuous symmetries of the U (1) x SU(2) x SU(3) gauge group of the Standard 
Model? 

Since this question was already answered in the affirmative for the special case 



of electromagnetic interactions in Section ^J, we may anticipate that the same 
holds also for the other interactions. In the electromagnetic case, the diffeomor- 
phism corresponding to the gauge group U(l) was associated with the transforma- 



tion (B), (1^6C|) , which was used to locally remove the electromagnetic field as a 



technique for computing the electromagnetic coupling terms. The same approach 
can be applied also in the general case. We consider a coordinate transformation 
which does not change the basic geometrical symmetry of the metron solution, i.e. 
does not affect the lowest order quark configuration from which the boson fields 
are derived. The Lagrangian for the set of transformed metron fields will then be 
invariant under this transformation. 

For a given set of fermions (p) and bosons (pq), consider, as generalization of the 
local transformation ( |4.14| ), in analogy with the transformation ( 2.66 ), the infinites- 
imal global coordinate transformation 

x A = x A -^ A 

x x = x x , (4.120) 
in which the local relation ( 4.1 5| ) is replaced (after a sign change to conform with 



the notation of Section 2A) by the global expression 



^ = E<) e P* ex p(^)> ( 4 - 121 ) 



p.q 



with constant complex vectors vA^. = vfi*L and complex infinitesimal amplitudes 
£pq = e pq( x ) = e * q p{ x ) which are functions of physical spacetime. 

In contrast to the translations considered in the electromagnetic case, the pe- 
riodic transformations ( 4.120| ),( |4.121| ) no longer represent a group when applied to 



a finite set of fermion and boson fields, since the transformation generates higher- 
harmonic Fourier components not contained in the original set of fields. However, 
the group property is retained if one considers the complete set of periodic fields 
consisting of all possible higher-order products of the basic fermion fields. The 
fermion-boson Lagrangians considered in the previous sections represent truncated 
versions of the complete gravitational Lagrangian, which is defined for the infinite 
discrete set of Fourier components generated from a given finite basic set of fermions. 
The invariance considerations for the gravitational system apply only for the com- 
plete Lagrangian, not for the truncated Lagrangian. However, relations between the 
invariance properties of the gravitational system and the gauge symmetries of the 
Standard Model can, of course, be established only for the truncated gravitational 
system containing the fields appearing in the Standard Model. Thus the following 
invariance considerations indicate again - as in the case of the dynamical analysis 
- that the Standard Model can be regarded, from the metron viewpoint, only as an 
approximation of the fully nonlinear n-dimensional gravitational system. 
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To first order in e pq , the metric tensor transforms under the coordinate transfor- 
mation (|4l20|) ,( |4T2l|) as g LM -> g LM + 5g LM , where 



$9 



LAI 



-%eV M 



d N t M v LN + ti N d N g LM . 



(4.122) 



If we consider only the sub-set of periodic fields contained in the Standard Model, it 
can be shown that for fermions this transformation has the same form as the gauge 
transformations of the Standard Model. We demonstrate the identity for the gauge 
group SU(3); the derivation for the U(l) x SU(2) group (in the limit of vanishing 
mass) is similar. 

For fermions, the infinitesmal SU(3) transformation is given in the Standard 
Model by 



5i/t 




(4.123) 



where e p are the infinitesmal Lie parameters of the SU (3) generators X p . 

Considering first the non-diagonal generators, p ^ q, the corresponding metron 
expression, eqs.( |4.12T] ),( |4.12^ ), yields for the harmonic- index metric field compo- 
nents corresponding to fermions (noting that the contributions from the first two 
terms on the right hand side of ( |4. 122| ) yield 'bosonic' Fourier components with 
wavenumbers k p q, which are not included in the subset of fields represented in the 
Standard Model) 



(<ty(p)) 



nil 



(pq) e PQ 



(4.124) 



Comparing ( |4.123|) and (|4.124| ), the non-diagonal components of the SU(3) and 
diffeomorphism transformation relations are seen to be identical if, for given vectors 
■U(p$)' the Lie parameters e p and e p q are appropriately related. Setting, for example, 



V (pq) 



k A 



we find 



Re or Im e 



pq 



c- 1 



where the constant (cf.eqs. ([4.37| ), |4.38|) ) 

C = 2 (k^k, 



A 
(9) 



(4.125) 
(4.126) 

(4.127) 



and the cross-assignment of the indices pq and p is in accordance with the definitions 
( p6|) . 

The diagonal components can be similarly related. The first two terms on the 
right hand side of (4.122) again yield no contribution (in this case because Ba£, B 
vanishes) and one obtains, equating the two transformation relations, 



( \ 

C 

\ K c I 



( v (ll) e ll + v (22) e 22 + u (33) e 33 



( £ 3 + ^8 \ 



(4.128) 
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Equations (4.128) represent three relations between the three Lie parameters e p p 
and the two Lie parameters €3, eg. However, the equations are not independent: 
their sum vanishes, since the sum of the fermion wavenumbers vanishes, cf. eq.(4.3). 



Thus for given v^ p -y eqs. ([4.128D uniquely determine the three Lie parameters e p p as 

\vv) 



linear combinations of the two Lie parameters €3 , es , provided the vectors v9 --, are 



chosen such that their projections onto the color plane are not all parallel. 

The correspondence between the infinitesmal coordinate transformation ( 4. 120] )- 
( [4.122j ) and the SU(3) gauge transformations can be demonstrated similarly for 
boson fields. The analysis of Section 2A for the electromagnetic case can be gen- 
eralized to periodic boson fields in the same way as for fermions. One finds, as in 
the electromagnetic case, that the covariant derivative for the fermion fields and 
thus the fermion-gluon interaction Lagrangian are invariant with respect to both 
transformations to lowest order in the boson fields. The situation is a little more 
complicated for boson-boson interactions, which were not considered here. Although 
there exists a general structural symmetry between the infinitesimal coordinate and 
SU(3) transformations, the transformations differ again in detail. 

In summary, the gauge transformations of the Standard Model correspond to a 
particular class of coordinate transformations in the metron model. The transfor- 
mations have the property that they map a given set of Fourier components into 
the same set and thus do not change the specific form of the gravitational La- 
grangian appropriate for this particular set of fields. However, the invariance of the 
Lagrangian applies strictly only for the complete Lagrangian, defined for the com- 
plete set of all periodic fields generated by interactions of arbitrary order between 
a given basic set of fermion fields, rather than for the Lagrangian of the truncated 
set considered in the metron interpretation of the Standard Model. The correspon- 
dence between the gauge symmetries of the Standard Model and the diffeomorphic 
gauge symmetries holds only if all gravitational fields not contained in the Standard 
Model sub-set are discarded. From the metron viewpoint, the Standard Model ap- 
pears therefore as an approximation, the fundamental fermion fields (accepting that 
leptons and quarks are indeed the basic building blocks of matter) generating not 
only the Standard Model bosons, represented in the metron model by mixed-index, 
quadratic difference- interaction fields, but also further quadratic- inter action fields 
and a spectrum of higher-order Fourier components. 
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4.5 Summary and conclusions 



In developing the metron model we followed the deductive method: starting from 



the basic Einstein vacuum field equations (1.1) in a higher-dimensional space, we 
proceeded to deduce the different properties of the postulated nonlinear solutions of 
the equations in a natural logical sequence. In retrospect, however, the metron model 
can be seen to be a composite of a number of rather independent concepts which 
were combined into a unified theory. It is instructive to summarize these different 
concepts and their interrelationships following the actual constructive development 
of the metron picture. Historically, the metron model evolved 'accumulatively' from 
the following considerations: 

• It is possible to resolve the wave-particle duality paradox within the framework 
of a classical objective theory if it is assumed that there exist quasi-point- 
like particles which support, in addition to the classical electromagnetic and 
gravitational fields, periodic fields with a frequency proportional to the particle 
mass in accordance with de Broglie's relation. The existence of point-like 
particles explains the corpuscular nature of matter, while the periodic far 
fields of the particles give rise to the interference phenomena observed in their 
interactions. 

• A contradiction with Bell's theorem on the non-existence of hidden-variable 
theories does not arise if the distant interactions between such particles are 
assumed to be time symmetric, following the general viewpoint of Tetrode, 
Wheeler and Feynman, and others. The periodic de Broglie fields then also 
represent standing waves which do not decay through radiation to infinity. 

• Models for such point-like particles can be constructed as trapped-mode solu- 
tions of nonlinear wave equations in n-dimensional space. The solutions consist 
of a superposition of a mean field and wave fields. With respect to harmonic 
space, the mean field is uniform while the wave fields are periodic. All fields 
are highly localized in physical space. The wave fields are trapped in physi- 
cal space by the mean field, which acts as a wave guide. The mean field is 
generated, in turn, by the radiation stresses (currents) of the wave fields. 

• The simplest and most fundamental example of a nonlinear system which 
can support such interacting wave and mean fields are Einstein's equations in 
matter-free space. 

• Particular periodic solutions in harmonic space of Einstein's equations can 
be identified with the solutions of the Dirac equation and, as pointed out by 
Kaluza and Klein, of Maxwell's equations. Regarding the fields as pertur- 
bations about a suitably chosen flat-space background metric, the Maxwell- 
Dirac-Einstein Lagrangian can be recovered as the lowest-order interaction 
Lagrangian of the nonlinear Einstein Lagrangian. To establish this correspon- 
dence, the dimension of harmonic space must be at least four. 

• Postulating the existence of further trapped-mode solutions, the general struc- 
ture of weak and strong interactions, as summarized in the Standard Model, 
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can also be recovered, thereby yielding a unified theory. 

• Since all particle and field coupling phenomena are deduced as properties of 
the nonlinear solutions of the n-dimensional Einstein vacuum equations, which 
contain no universal physical constants, it follows that the theory must yield 
all physical constants. 

• In deriving the formal expressions for the mass, gravitational constant, charge, 
Planck's constant, etc. in terms of the properties of the nonlinear metron solu- 
tions, the gravitational coupling associated with the particle masses was found 
to arise at higher nonlinear order than the electromagnetic coupling associated 
with the particle charges. This explains the weakness of gravitational forces 
compared with other forces. 

Not resolved is the question of the discreteness of the particle spectrum. This 
appears as the most serious conceptual uncertainty of the metron approach at this 
time. It is speculated that discreteness can be explained by stability considerations. 
Alternatively, if this is not successful, it may be necessary to simply postulate - in 
analogy with string theory - that our world is periodic with respect to the harmonic 
space coordinates. 

At present, the metron model is simply a hypothesis: no computations of bound 
particle states have yet been carried out for the real n-dimensional Einstein field 
equations. However, it is hoped that the investigations of the basic structure of the 
theory presented in this paper have revealed sufficient intriguing features to moti- 
vate more detailed quantitative investigations. The outcome of such efforts should 
decide whether the full spectrum of elementary particles and all forces of nature 
can indeed be explained by a deterministic theory based on the simple generaliza- 
ton of Einstein's vacuum equations to higher dimensions - in fitting vindication of 
Einstein's long held conviction that "God does not play dice" . 
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Notes and References 



[1] For field and index notations, see Part |T|, Table p~^ . 

[2] This property distinguishes difference interactions from sum interactions and 
possibly justifies the restriction to difference interactions in describing particle 
properties at particle- accelerator energies. 

[3] cf. G. Kane, Modern Elementary Particle Physics (Addison- Wesley Publ.Co., 
1987) 344 pp.; 

J.F. Donoghue, E.Golowich and B.R.Holstein, Dynamics of the Standard Model, 
Cambr. Monogr. Part. Phys., Nucl. Phys. and Cosmology, (Cambr. Univ. Press, 
1992). 540 pp. 

[4] This can be remedied by including a non-zero component in the electron 
wavenumber, but at the cost of introducing a flavor dependence into the polar- 
ization tensor. 

[5] For better insight into the structure of these and the following relations, we 



retain separate notations for Qj\ and o)^, although, according to ( 4.56| ) 



[6] We note as an aside that an additional reason for not invoking the Higgs mecha- 
nism to explain the electron mass is that the identification of the Higgs field with 
a field which is periodic in harmonic space - which is necessary to generate the 
coupling terms defining the mass matrix in eq.( 4.110| ) below - rules out a normal 



Yukawa-type interaction of the form i/;^ g( h ^ ip^ . This would represent a periodic 
term which yields no contribution to the action integral. 
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